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CHAPTER 1: GENERAL INTRODUCTION 
SIGNIFICANCE AND RATIONALE 
Cytoplasmic male sterility (cms) is a maternally inherited inability to produce viable pollen. 
It has been observed in over 140 plant species, including maize, rice, sunflower, tobacco, and 
tomato (Laser and Lersten, 1972), and in all studied cases, cms has been associated with novel 
mitochondrial open reading frames. In some instances, the deleterious effects of the novel 
open reading frames can be overcome by nuclear encoded restorer of fertility genes. Fertility 
restoration in Texas (T) cytoplasm maize requires two nuclear encoded genes, rfl and rf2a. 
The rf2a gene has been cloned and shown to encode an aldehyde dehydrogenase targeted to 
the mitochondrial matrix (Schnable and Wise, 1994; Cui et al., 1996; Liu et al., 2001). 
Detailed biochemical characterization of RF2A demonstrated that it has broad substrate 
specificity (Liu and Schnable, 2002). This broad substrate specificity complicates 
determining the molecular mechanism of rf2a-mediated fertility restoration. In response, a 
combination of transgenic, biochemical, reverse genetic, and genomic approaches were 
utilized. 
DISSERTATION ORGANIZATION 
This dissertation is divided into six chapters. Chapter 1 includes a general introduction to 
cytoplasmic male sterility, anther development and restorer of fertility genes. It also includes 
a section describing technologies that can be used to study restoration of fertility. 
Chapter 2 is a manuscript published in Plant Molecular Biology. This manuscript 
characterizes four maize ALDH genes and three Arabidopsis ALDH genes. Feng Liu 
performed the ALDH assays for all seven ALDH proteins, established the E. coli 
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complementation conditions, and initially identified the rf2c and rf2d cDNA clones. Tsui-
Jung Wen isolated the Arabidopsis cDNA clones and identified the corresponding genomic 
DNA sequences. David Skibbe studied the maize rf2c and rf2d genes, mapped the genetic 
locations of rf2c and rf2d, established the phylogenetic relationships among ALDHs across 
many taxa, performed the E. coli complementation tests and was the primary author of the 
manuscript. 
Chapter 3 is a manuscript submitted to Bioinformatics. This manuscript demonstrates 
that scanning microarrays at multiple intensities increases the number of statistically 
significant differences detected. David Skibbe optimized the microarray conditions, collected 
all the microarray data and was the primary author of the manuscript. Dr. Dan Nettleton 
performed all statistical analyses of the data and also participated in the preparation of the 
manuscript. 
Chapter 4 is a manuscript in preparation for submission to The Plant Cell. This 
manuscript describes gene expression differences between anthers in the upper and lower 
florets and during microsporogenesis. Dr. Dan Nettleton performed all statistical analyses of 
the data. Dr. Dan Ashlock performed the cluster analyses. Lisa Borsuk assisted with initial 
data analyses. David Skibbe collected all of the microarray data, interpreted statistically 
analyzed data sets provided by Dr. Dan Nettleton, and was the primary author of the 
manuscript. 
Chapter 5 is a manuscript in preparation for submission to The Plant Cell. This 
manuscript demonstrates that two different ALDH genes can complement r/2a-mediated 
Texas cytoplasm male sterility. Feng Liu performed the functional analyses on RF2C and 
RF2D and also participated in the manuscript preparation. Robert Meeley initially identified 
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the rf2c mutants. David Skibbe prepared the rf2c and rf2d expression constructs, prepared all 
of the heterologous complementation constructs and collected and interpreted all of the 
complementation data, backcrossed and analyzed the rf2c mutants, and was the primary 
author of manuscript. 
Chapter 6 contains a general summary and conclusions. This chapter discusses 
conceptual and technological advances in the areas of fertility restoration and anther 
development. 
INTRODUCTION 
Maize is one of the most agronomically important crops in the United States, where it serves 
variety of purposes, including as a staple food source. Therefore, it is essential to produce 
adequate quantities of corn to sustain the needs for both food consumption and 
manufacturing processes. One approach that has been used for several decades to meet the 
growing need for corn is through a phenomenon called hybrid vigor, which is observed 
among progeny when pollen is directionally crossed between two maize elite inbred lines 
(i.e., pollen from one elite maize inbred line pollinates the ear from a second elite maize 
inbred line). These progeny are considered to exhibit hybrid vigor when the performance of 
the progeny exceeds the performance of the parents. Although the molecular basis for hybrid 
vigor is not understood, it is clear that it is an effective method for producing vigorous corn. 
Hybrid corn is produced using two different maize inbred lines, where one of the 
inbred lines is designated as the male (pollen donor), and the other inbred line is designated 
as the female (pollen recipient). Since maize is a monoecious plant, where the tassel contains 
the male reproductive structures and the ear contains the female reproductive structures, the 
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pollen producing ability of the inbred line designated to be the pollen recipient (i.e., female 
rows) must be controlled to achieve a directional cross. Two methods are commonly used to 
control the ability of the female rows to produce pollen. The mechanical emasculation 
method is a two-step process for mechanically removing the male portion of the plant. The 
first step, which is performed using a mechanical emasculator resembling a large pair of 
scissors, removes the portion of the plant expected to contain the tassel. Since the initial pass 
is not 100% efficient, a second step is performed, whereby field crews walk through the field 
to remove escaped tassels. The mechanical emasculation method is very effective, but it is 
time-consuming and at a high-cost to not only the producer but also to the plant, as a large 
portion of the plants photosynthetic body is destroyed during the mechanical emasculation 
process. 
An alternative approach to control pollen production is through the use of a natural 
male sterility system, whereby the female rows fail to produce pollen due a genetic lesion. 
This approach was successfully used for corn throughout the 1960s, until 1969 and 1970, 
when the line used exhibited high susceptibility to two fungal pathogens, which resulted in 
drastic reduction in corn yields. As a consequence, this corn line was removed from the 
breeding germplasm and mechanical emasculation was once again used to control pollen 
production. This situation emphasized the importance of understanding anther development 
and the molecular basis of naturally occurring male sterility, and this knowledge may allow a 
natural system be used, once again, in hybrid com production. 
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Anther development in maize 
Maize anthers develop through a series of well-defined developmental stages consisting of 
two processes, microsporogenesis and microgametogenesis (Figure 1, reviewed in Homer 
and Palmer, 1995; Wise et al., 1999). Microsporogenesis is divided into seven stages and 
begins with the sporogenous mass stage, where all anther tissues become distinguishable, 
followed by the meiotic stages (dyad and tetrad), which produce four haploid microspores, 
and ends with the production of fully enlarged microspores (Figure 1). Microgametogenesis 
encompasses the final three stages of anther development (early, mid, and late pollen). 
During these stages, a completely mature pollen grain is produced, complete with energy 
reserves to be consumed during pollination. 
Sporogenous 
Mass (1) Meiocyte (2) Dyad (3) Early Abnormal Microspore (5') Tapetum (9 
cms-T 
Developmen 
Early Mid 
Tetrad (4) / Microspore (5) Microspore (6) Degenerating 
Tapetum (7) Stages 1-7: Microsporogenesis 
Stages 8-10: 
Microgametogenesis 
Late 
Pollen (10) 
Early 
Pollen (8) 
Mid 
Pollen (9) Late v 
Micros 
Aborted 
Male Cells, 
Sterility 
Modified from Wise et al., 1999 
Figure 1. Anther development in maize. Development occurs through the 
consecutive processes of microsporogenesis (stages 1-7) and 
microgametogenesis (stages 8-10), which results in the production of mature 
pollen. 
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In N-cytoplasm maize, the tapetal cell layer begins to degenerate at the end of the early 
microspore stage of anther development (Figure 1), and the timing and the specificity of 
degeneration are consistent with the process of programmed cell death (PCD). Furthermore, 
in mammals mitochondria have been shown to control apoptosis, a specific form of PCD 
(reviewed in Cai et al., 1998). The association between mitochondria and PCD in the tapetal 
cell layer has been extended to plants through the use of the PET 1-CMS mitochondrial 
mutant in sunflower. Balk and Leaver (2001) demonstrated that programmed cell death 
occurs in both normal and cms developing anthers through the use of biochemical and 
morphological markers associated with apoptosis, and the cms anthers merely undergo PCD 
prematurely. In addition, cytochrome c release from mitochondria into the cytosol of tapetal 
cells preceded gross morphological changes associated with PCD. Although no evidence 
exists that PCD occurs in cms-T anthers, this finding raises an interesting possibility that 
PCD may act as a general mechanism for controlling male fertility in other cms systems. 
Male sterility in plants 
Male gametophyte development is a highly coordinated process that requires interaction 
between sporophytic and gametophytic anther tissues, and when normal pollen development 
is disrupted, male sterility occurs. Two general types of male sterility exist in maize: genie 
and cytoplasmic. Lesions in nuclear-encoded genes that disrupt normal pollen development 
cause genie male sterile mutants. These mutants can be divided into sporogenous, structural 
and functional phenotypic categories based on the timing of the pollen development 
disruption (Kaul, 1988; Horner and Palmer, 1995). Sporogenous male sterility results from a 
dysfunction between the early microsporogenous to late microgametogenesis stages of 
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development; structural male sterility is associated with abnormal stamen development, and 
functional male sterility occurs when pollen is produced but fails to produce progeny because 
it is either not released from the anther or is unable to reach the stigma. Numerous genie 
male sterile mutants have been identified across taxa, including over 42 loci in maize 
(Bedinger et al., 2001). 
Many male sterile mutants exhibit non-Mendelian inheritance. These mutants are 
often caused by mutations that affect organellar DNA (i.e., maternal tissue) and disrupt 
normal pollen development. While both mitochondria and chloroplast genomes are inherited 
maternally, all tested cases of cms have been associated with mutations in the mitochondrial 
genome. The cms phenomenon is widely distributed within the plant kingdom, and has been 
identified in over 140 plant species, including maize, rice, sunflower, tobacco, and tomato 
(Laser and Lersten, 1972). 
In maize, three major cms systems, Charrau (C), USD A (S) and Texas (T), have been 
described and are distinguished from each other by 1) the nuclear-encoded gene(s) that 
overcome the cms phenotype, 2) mitochondrial DNA restriction endonuclease patterns and 3) 
the accumulation of specific mitochondrial polypeptides assayed by radiolabeling 
experiments (Wise et al., 1999). 
In T-cytoplasm, a novel mitochondrial gene, T-urfl 3, is associated with male sterility 
(Wise et al., 1987). The physical structure oil-urfl3 and an adjacent, co-transcribed open 
reading frame (orf221) is complex and likely to have arisen through a series of recombination 
events. The T-urfl3/orf221 region contains a T-cytoplasm specific 5-kb repeat (the 3' 
portion of which includes the 5' flanking region of atp6), the 3' flanking region of rrn26, 56-
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bp of the rrn26 coding region, the chloroplast trnA gene, as well as several sequences of 
unknown origin (Dewey et al., 1986; Wise et al., 1987). 
T-urfl3 encodes a 13 kDa protein (Forde and Leaver, 1980; Wise et al., 1987) that 
localizes to the mitochondrial inner membrane as an oligomer (Dewey et al., 1986; Dewey et 
al., 1987; Korth et al., 1991). When cms-T mitochondria are treated with methomyl, a 
carbamate insecticide, or T-toxin, a toxin produced by Cochliobolus heterostrophus Dreshler 
race-T, mitochondria swell rapidly, leak small ions and molecules, and oxidative 
phosphorylation is uncoupled (Bring and Lonsdale, 1989; Levings and Siedow, 1992). At the 
morphological level, the mitochondrial perturbations in T-cytoplasm anthers result in the 
premature degeneration of the tapetal cell layer and the failure to produce pollen (Warmke 
and Lee, 1977). T-cytoplasm maize anthers exhibit altered ultrastructure for mitochondria 
and endoplasmic reticula at the dyad stage of development (Yang, 1989) and altered cell 
morphology at the early microspore stage when visualized using light microscopy (Warmke 
and Lee, 1977). 
Two nuclear encoded genes restore fertility in Texas cytoplasm maize 
Restoration of fertility in T-cytoplasm maize is controlled by the action of two dominant 
nuclear-encoded restorer genes, rfl and rf2 (now termed rf2a) (reviewed by Schnable and 
Wise, 1998; Wise et al., 1999). To overcome the detrimental effects of T-URF13 and restore 
fertility, at least one restoring allele of both Rfl and Rf2a must be present. The mechanism 
of fertility restoration in T-cytoplasm is sporophytic, i.e., the genotype of sporophytic, rather 
than the gametophytic, tissue from an individual plant determines the capacity to restore 
fertility. Therefore, an individual heterozygous for Rfl and Rf2a will be male fertile even 
though only one-quarter of the pollen grains contain the restoring Rfl and Rf2a alleles. 
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Restoration of fertility has been shown to occur through modification of cms-
associated mitochondrial transcripts in several species, including maize, oilseed rape, 
Petunia, rice, and sorghum (reviewed in Schnable and Wise, 1998). For example, T-
cytoplasm maize families segregating for an Rfl restoring allele accumulate two novel sizes 
of T-urfl3, 0.6- and 1.6-kb, and T-URF13 protein levels are decreased by approximately 
80% (Forde and Leaver, 1980; Dewey et al., 1986; Kennell et al., 1987; Wise et al., 1996). 
Interestingly, Rf2a has no apparent effect on T-urfl3 transcript or protein accumulation 
(Dewey et al., 1987). 
To better understand the molecular basis of fertility restoration, restorer genes have 
been cloned from several species. All but one of the cloned genes fall into a class of recently 
discovered nuclear restorers, which encode pentratricopeptide repeat genes from petunia (Rf 
PPR592) (Bentolila et al., 2002), radish (orf687 and Rfo) (Brown et al., 2003; Desloire et al., 
2003; Koizuka et al., 2003) and rice {Rfl) (Kazama and Toriyama, 2003; Komori et al., 
2004). In each case, the PPR gene was predicted to be mitochondrially targeted and, when 
tested, shown to decrease accumulation of the cms gene product (Bentolila et al., 2002; 
Kazama and Toriyama, 2003) via an undetermined mechanism. 
The first nuclear restorer to be cloned from any species was the maize Rf2a nuclear-
encoded restorer gene. The rf2a gene was cloned using a transposon tagging strategy 
(Schnable and Wise, 1994; Cui et al., 1996) and subsequently shown to encode an aldehyde 
dehydrogenase (ALDH) targeted to the mitochondrial matrix (Cui et al., 1996; Liu et al., 
2001). ALDHs carry out the nearly irreversible oxidation of aldehydes to the corresponding 
carboxylic acid with the concomitant reduction of NAD+ to NADH. 
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Plant ALDH studies 
While mammalian ALDHs have been studied for several decades (reviewed by Lindahl, 
1992; Yoshida et al., 1998), less is known about the physiological roles of plant ALDHs. In 
one study, a mitochondrial ALDH isolated from potato tubers and pea epicotyls exhibited 
kinetic properties consistent with in vivo oxidation of acetaldehyde, glycolaldehyde, and 
indolacetaldehyde (Asker and Davies, 1985). This study supported the observation that 
while some classes of ALDHs are highly specific to substrate (e.g., betaine ALDH and 
glyceraldehyde-3-phosphate dehydrogenase), others exhibit broad substrate specificity. 
ALDH activity was shown to be important for pollen tube germination in tobacco (op den 
Camp and Kuhlemeier, 1997) and ethanolic fermentation in tobacco (Mellema et al., 2002) 
and Arabidopsis pollen tube growth (Kursteiner et al., 2003). Interestingly, TobALDH2a 
transcripts and protein accumulate to high levels under non-limiting oxygen conditions in 
germinating pollen (Tadege and Kuhlemeier, 1997), which is consistent with previous 
findings that ethanolic fermentation can occur under carbohydrate-limiting conditions 
(Bûcher et al., 1995). In rice, ALDH2a mitochondrial isoform steady-state transcript 
accumulation increases upon submergence of young seedlings in water, while protein 
accumulation increases upon re-aeration (Tsuji et al., 2003). In maize, Liu and Schnable 
(2002) demonstrated that rf2a and another closely related mitochondrial ALDH (rf2b) 
transcript accumulation patterns were non-overlapping. Furthermore, RF2A had broad 
substrate specificity, whereas RF2B was specific to short-chain aliphatic aldehydes. 
Both RF2A and RF2B are targeted to mitochondria (Liu et al., 2001; Liu and 
Schnable, 2002). However, based on studies in humans and yeast, genes encoding ALDHs 
that localize to other subcellular compartments would also be expected. Using a combination 
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of computational and wet-lab approaches, two additional ALDHs (rf2c and rf2d) were 
identified and predicted to accumulate in the cytosol (Skibbe et al., 2002). These studies 
demonstrated that rf2c and rf2d encode functional ALDHs and that the substrate specificities 
among the maize ALDH family are overlapping yet unique. 
RF2A is required for normal anther development 
Since Texas cytoplasm maize was originally identified as a single male sterile plant (Duvick, 
1965), and most maize inbred lines carry a functional allele of Rf2a, it has been hypothesized 
that RF2A may have been only recently recruited to act as a nuclear restorer of fertility in T-
cytoplasm (Schnable and Wise, 1994). Furthermore, it is possible that the physiological role 
of RF2A in fertility restoration is distinct from its role in normal cytoplasm. 
Liu et al. (2001) investigated the role of rf2a in N-cytoplasm using several rf2a 
transposon-tagged mutant alleles. Individual plants homozygous mutant for rf2a were able 
to produce viable pollen. However, close examination of the spikelets on the tassel branches 
revealed that one of the floral compartments (i.e., the lower floret), but not the other (i.e., the 
upper floret), often arrested in development, thus producing anthers that were reduced in size, 
yellow in color, and failed to produce viable pollen. This finding was particularly interesting 
because the anthers in the upper and lower floret proceed through the same stages of 
development and are identical at the gross anatomical level, with the exception that the 
anthers in the lower floret are developmentally delayed by two to three days with respect to 
the upper floret (Hsu et al., 1988; Hsu and Peterson, 1991). The observation of a 
compartmentalized phenotype for rf2a mutant alleles suggests that the upper and lower floret 
are not redundant in function and express different sets of genes to produce viable pollen. 
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Mechanistic hypotheses for restoration offertility 
Two mechanistic hypotheses have been proposed describing how ALDH activity can account 
for fertility restoration in T-cytoplasm (Cui et al., 1996). In the "metabolic hypothesis" 
RF2A restores fertility by utilizing novel energy sources to increase energy production in 
mitochondria. In T-cytoplasm, T-URF13 may create an increased need for energy 
production due to the decreased efficiency of oxidative phosphorylation. Therefore, an 
alternative energy source is needed to supply developing pollen with energy. Acetaldehyde 
has been shown to accumulate in developing pollen during aerobic fermentation (Tadege and 
Kuhlemeier, 1997). Since acetaldehyde serves as a substrate for RF2A, it could serve as an 
alternative energy source in developing pollen. The acetate produced could be used as 
substrate by acetyl-CoA synthase to produce acetyl-CoA, which could then directly enter the 
TCA cycle for energy production. 
In the "interaction hypothesis", RF2A would indirectly prevent the toxic effects of T-
URF13. RF2A-mediated prevention could be through the oxidation of an aldehyde 
component in the mitochondrial membrane, thus preventing T-URF13 accumulation or 
through oxidation of an endogenous aldehyde (Factor X) required by T-URF13 to interact 
with the mitochondrial inner membrane. 
Technologies for studying restoration of fertility in Texas cytoplasm maize 
Several technologies have been developed and refined within the past ten years have been 
instrumental in allowing scientists to test and formulate new hypotheses. Plant 
transformation technologies enable researchers to introduce desired DNA materials into 
maize cells via particle bombardment (Gordon-Kamm et al., 1990) or Agrobacteria mediated 
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transformation (Ishida et al., 1996) and regenerate plants competent for genetic crosses. This 
technology allows researchers to test the effects of over- or under-expression of a desired 
gene as well as complementation of the mutant phenotype. 
Another area of interest that has opened new frontiers is global gene expression 
profiling of single cell types. These experiments are a convergence of two technologies: 
single cell-type microdissection and DNA microarrays. The two most common methods to 
collect single cells from a mixture of cells are Laser Capture Microdissection (LCM) (Figure 
2) and Positional Ablation using Laser Microbeams (PALM) laser microdissection (Figure 
3). For both methods, tissues are collected, fixed to suspend gene expression and preserve 
the morphology, dehydrated, embedded into a solid matrix, sectioned into thin layers (e.g., 
10 jam), mounted on a glass slide and again dehydrated to remove residual water. However, 
the two methods differ in their strategy for collecting the desired cell type(s). In the LCM 
method, a glass slide containing the tissue section is placed on a stage. Then, a substrate 
covered with a thin, thermoplastic is placed on top of the section (and the desired cells), and 
an infrared laser is fired. The laser energy melts the thermoplastic, which then attaches to the 
desired cells and re-solidifies. The desired cells are selectively removed from the 
neighboring cells by simply lifting the substrate from the glass slide. In the PALM method, 
a glass slide containing a tissue section is placed on microscope stage, and the desired cells 
are selected by outlining with drawing tools on a video monitor. The desired cells are then 
microdissected in a three step process. First, the focused energy of an ultraviolet laser 
ablates the neighboring (i.e., contaminating) tissue at the perimeter of the outlined area. 
Second, the laser is defocused which disperses the energy beneath the desired cells. Third, 
the defocused laser is pulsed and the tissue on the microscope slide is "catapaulted" off of the 
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slide and collected into lysis buffer in the cap of a 0.5 ml tube positioned directly above the 
glass slide. The RNA from the cells can then be isolated and used for downstream 
applications, such as quantitative reverse transcription polymerase chain reactions and gene 
expression profiling via DNA microarray s. The LCM and PALM methods have both been 
successfully used to isolate RNA from specific plant cell types (Asano et al., 2002; Kerk et 
al., 2003; Nakazono et al., 2003), and Nakazono et al. (2003) demonstrated that amplified 
RNA could be used to identify genes specifically expressed in the bundle sheath cell tissue 
and epidermis of a maize coleoptile using DNA microarrays. 
DNA microarrays are an effective approach for simultaneously examining the 
relative steady-state RNA levels for thousands of genes between two samples (Schena et al., 
1995). As complex experiments, several experimental considerations are essential, including 
experimental design, (Kerr and Churchill, 2001; Churchill, 2002; Yang and Speed, 2002), 
labeling and hybridization considerations (Heller et al., 1997; Yue et al., 2001) and 
downstream data analysis (Wolfinger et al., 2001; Quackenbush, 2002; Leung and Cavalieri, 
2003). Furthermore, the complex nature of microarray experiments lends to collaboration 
between biologists and statisticians. These collaborations have the potential to enhance the 
experimental design and data analysis stages, which allows a statistical calculation, rather 
than an arbitrary fold-change cutoff, to be assigned to differences in gene expression in an 
experiment. In fact, some journals now require a statistical approach in order to publish 
microarray results (Raikhel and Somerville, 2004). 
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Laser 
Substrate 
M i n i  
Tissue 
Figure 2. A schematic representation of Laser Capture Microdissection 
(LCM). A) The laser is focused on a thin thermoplastic. When the laser is 
fired, the film melts and fuses to the tissue located directly below the film. B) 
The desired cells are removed by lifting the substrate that holds the film and is 
physically attached to the desired cells. 
Tissue section 
Glass Slide 
Figure 3. A schematic representation of Positional Ablation using Laser Microbeams 
(PALM) microdissection. A) The laser is focused on the tissue section and cell-to-cell 
contact is disrupted by ablating neighboring tissue. B) The laser energy is dispersed by 
defocusing the laser. C) The laser is pulsed to "catapault" the freed cells into a collection 
receptacle positioned above the sample. 
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ABSTRACT 
Cytoplasmic male sterility is a maternally transmitted inability to produce viable pollen. 
Male sterility occurs in Texas (T) cytoplasm maize as a consequence of the premature 
degeneration of the tapetal cell layer during microspore development. This sterility can be 
overcome by the combined action of two nuclear restorer genes, rfl and rf2a. The rf2a gene 
encodes a mitochondrial aldehyde dehydrogenase (ALDH) that is capable of oxidizing a 
variety of aldehydes. Six additional ALDH genes were cloned from maize and Arabidopsis. 
In vivo complementation assays and in vitro enzyme analyses demonstrated that all six genes 
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encode functional ALDHs. Some of these ALDHs are predicted to accumulate in the 
mitochondria, others in the cytosol. The intron/exon boundaries of these genes are highly 
conserved across maize and Arabidopsis and between mitochondrial and cytosolic ALDHs. 
Although animal, fungal, and plant genomes each encode both mitochondrial and cytosolic 
ALDHs, it appears that either the gene duplications that generated the mitochondrial and the 
cytosolic ALDHs occurred independently within each lineage or that homogenizing gene 
conversion-like events have occurred independently within each lineage. All studied plant 
genomes contain two confirmed or predicted mitochondrial ALDHs. It appears that these 
mitochondrial ALDH genes arose via independent duplications after the divergence of 
monocots and dicots or that independent gene conversion-like events have homogenized the 
mitochondrial ALDH genes in the monocot and dicot lineages. A computation approach was 
used to identify amino acid residues likely to be responsible for functional differences 
between mitochondrial and cytosolic ALDHs. 
INTRODUCTION 
Cytoplasmic male sterility (cms) is a maternally inherited inability to produce viable pollen 
(reviewed by Duvick, 1965; Laughnan and Gabay-Laughnan, 1983). In Texas cytoplasm 
maize (cms-T) sterility arises from the premature degeneration of the tapetal cell layer during 
microspore development (Warmke and Lee, 1977). The T cytoplasm-specific mitochondrial 
gene, T-urfl3, which is responsible for this sterility encodes a 13-kDa protein termed URF13 
(Wise et al., 1987). The mechanism by which URF13 causes male sterility is not known. 
However, working in concert dominant alleles of rfl and rf2 (now termed rf2a) can 
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overcome URF13-mediated sterility. As such, they are nuclear restorer of fertility genes 
(reviewed by Schnable and Wise, 1998; Wise et al., 1999). 
To better understand the molecular mechanism of fertility restoration in cms-T, the 
rf2a gene was cloned (Cui et al., 1996). Subcellular localization studies and enzymatic 
characterizations have demonstrated that rf2a is a mitochondrial aldehyde dehydrogenase 
(mtALDH) (Liu et al., 2001). Subsequently, rf2a sequences were used to assist with the 
cloning of mtALDHs from tobacco (op den Camp and Kuhlemeier, 1997), rice (Nakazono et 
al., 2000), and Arabidopsis (Li et al., 2000). 
ALDHs catalyze the nearly irreversible oxidation of aldehydes to the corresponding 
carboxylic acid. Aldehydes are common by-products of a number of metabolic pathways, 
including the metabolism of vitamins, amino acids, carbohydrates, and lipids (Schauenstein 
et al., 1977). The resulting aldehydes are highly reactive molecules; because of its 
electrophilic nature an aldehyde's carbonyl group can attack cellular nucleophiles, including 
proteins and nucleic acids. The damaging effects of aldehydes have been well-studied in 
humans and include cytotoxicity, mutagenicity, and carcenogenicity (Schauenstein et al., 
1977). Therefore, the removal of aldehydes is essential for cellular survival. 
ALDHs have been widely studied in humans (for reviews see Lindahl, 1992; Yoshida 
et al., 1998), but relatively few studies have been conducted on the corresponding plant 
enzymes. Based on the finding that indolacetaldehyde dehydrogenase activity has been 
detected in cell-free extracts from mung bean seedlings (Wightman and Cohen, 1968), it has 
been proposed that ALDHs may function in the production of indole-3-acetyl acetate 
(Marumo, 1986). In another study, mtALDHs isolated from potato tubers and pea epicotyls 
exhibited kinetic properties consistent with the in vivo oxidation of acetaldehyde, 
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glycolaldehyde, and indolacetaldehyde (Asker and Davies, 1985). This supports the 
observation that while some classes of ALDHs are highly substrate specific (e.g. betaine 
ALDH and glyceraldehyde-3 -phosphate dehydrogenase), others, including the r/2a-encoded 
mtALDH (Liu et al., 2001), exhibit broad substrate specificities. 
NtAldh2A mRNA and protein levels are substantially higher in tobacco reproductive 
tissues than in leaves (op den Camp and Kuhlemeier, 1997). Futhermore, ethanolic 
fermentation occurs under both aerobic and anaerobic conditions in developing tobacco 
pollen and produces high levels of acetaldehyde, which can be converted to acetate by 
ALDH (Tadege et al., 1997). Two mtALDH genes have been identified in rice. Northern 
analyses of these genes have revealed that OsAldh2a expression is dramatically increased 
upon anaerobic treatment, while OsAldh2b is not affected by anaerobic treatment (Nakazono 
et al., 2000; personal communication). Two cALDH genes from rice have been identified, 
and one, OsAldhla, has been shown by RT-PCR analysis to be expressed highly in roots of 
rice seedlings (Li et al., 2000). 
The specific pathway(s) within which plant ALDHs act is an area of considerable 
interest because rf2a is the first, and to date only, nuclear restorer of fertility gene to be 
cloned from any species. To better understand the roles of ALDHs in plants, six additional 
ALDH genes from maize and Arabidopsis were cloned. All six ALDHs were functionally 
characterized and display ALDH activity. Phylogenetic and computational analyses were 
used to reconstruct the origins of gene duplications and to predict those amino acids 
responsible for functional differences among classes of ALDHs. 
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METHODS 
Nomenclature 
A nomenclature based on sequence similarity has been developed for eukaryotic ALDH 
genes (Vasiliou et al., 1999; http://www.uchsc.edu/sp/sp/alcdbase/aldhcov.html). In this 
nomenclature the first number and letter indicate a "family" and "subfamily", respectively; 
the final number identifies an individual gene within a subfamily. 
Although the existing trivial names will be used in the body of this report, the official 
designations are listed here to facilitate comparisons across taxa. 
According to the new nomenclature, the maize rf2a (Cui et al., 1996), rf2b, rf2c and 
rf2d genes encode the ALDH2B1, ALDH2B6, ALDH2C2, and ALDH2C3 proteins, 
respectively. The Arabidopsis genes previously designated ALDHla, ALDH2a and ALDH2b 
by Li et al. (2000) (and which are equivalent to AtALDH2, AtALDHl and AtALDH3 in the 
Schnable laboratory nomenclature) encode proteins designated as ALDH2C4, ALDH2B4 
and ALDH2B7, respectively. The tobacco gene TobAldh2a (op den Camp and Kuhlemeier, 
1997) is equivalent to ALDH2B2. The rice ALDH genes OsAldhla, OsAldh2a, and 
OsAldh2b (Li et al., 2000; Nakazono et al., 2000) are equivalent to ALDH2C1, ALDH2B5 , 
and ALDH2B1, respectively. In this report the prefixes Zm (Zea mays), Os (Oryza sativa), 
Nt (Nicotiana tabacum) and At (Arabidopsis thaliana) have been added to gene symbols or 
protein designations when required for clarity. 
Cloning of ALDH Genes 
The sequences of rf2a cDNA (GenBank Accession U43082) and genomic (GenBank 
Accession AF215823) clones have been described previously (Cui et al., 1996; Cui et al., 
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2003). A full-length cDNA clone of rf2b was obtained from a C131A root plus shoot cDNA 
library provided by Monica Frey and Alfons Gierl (Technische Universitât Munchen, 
Garching, Germany) by screening with the cDNA insert from prf2a' (see Results). A full-
length clone of rf2c was obtained from a W22 immature tassel cDNA library, provided by 
Alejandro Calderon and Steven Dellaporta (Yale University), by screening with the cDNA 
insert from p0016.ctsad3 lr (see Results). A full-length rf2d cDNA clone (prf2d-exprA7) 
was obtained from B73 seedling leaf total RNA using the GeneRacer™ kit in combination 
with primers developed from p0104.cabau70r (see Results) (Invitrogen, Carlsbad, CA). 
Genomic clones that span the entire coding regions of rf2b (rf2bX#25) and rf2c 
(rf2cM5-l) and a genomic clone that includes most of rf2d (rf2dM21-l) were isolated from 
a XDASHII B73 genomic DNA library obtained from John Tossberg (Pioneer Hi-Bred, Intl. 
Inc., Johnston, IA). Overlapping genomic DNA fragments for each X, clone were subcloned 
into the pCSOS-72 vector and sequenced using the TNI000 system (Gold Biotechnology, St. 
Louis, MO). The resulting subclones were: rf2b—pTN6, pTN20, pTN22, pTN24, pTN33, 
pTN38, pTNS7, and pTNS36; rf2c—pCSOS/cBB5.0, PCSOS/cXX4.8, and pCSOS/cBN4.2; 
rfld—PCSOS/dP4.8 and pCSOS/dS3.3. 
Arabidopsis genomic DNA sequences for AtALDHla (PI clone MOB24; GenBank 
Accession AB020746), AtALDH2a (BAC clone T17F15; GenBank Accession AL049658), 
and AtALDH2b (BAC clone F508; GenBank Accession AC005990) were obtained from the 
Arabidopsis Genome sequencing project (Arabidopsis Genome Initiative, 2000). 
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Genetic mapping 
The mapping of rf2a was described previously (Wise and Schnable, 1994). The positions of 
rf2b, rf2c, and rf2d were defined via RFLP mapping of the Ben Burr recombinant inbred 
lines (Burr et al., 1988). The full-length cDNA insert from pRB73 was used to map the rf2b 
locus, while the rf2c and rf2d loci were mapped using partial cDNA inserts from 
Dupont/Pioneer ESTs p0016.ctsad31r and p0104.cabau70r, respectively. 
Computational Analyses 
Figure 1 was prepared by first aligning ALDH amino acid sequences using ClustalX 1.62b 
(Thompson et al., 1997) and then generating a neighbor-joining tree from 465 sites using 
version 1.00 of MEBoot. Gaps were deleted and distances estimated using the Poisson 
method. The neighbor-joining tree was then bootstrapped using 1000 replicates. 
A multiple alignment of amino acid sequences of the 11 plant ALDHs shown in 
Figure 1 was created using ClustalX 1.62b. After trimming signal sequences, a neighbor-
joining tree was prepared using Paup4bl (Swofford, 2000); all of the bootstrapping values 
were larger than 50%. After trimming gaps in the sequences, version 1.01 of the Gu99 
software (Gu, 1999) was used to obtain the expected number of amino acid substitutions at 
each site and to then calculate the coefficient of functional divergence 0, which is the 
probability that the evolutionary rate at a site is statistically independent between two gene 
clusters. 
Pair-wise alignments of sequences were determined using the Wisconsin GCG 
software package Version 10.0-UNIX from the Genetics Computer Group, Inc. 
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Primers 
All primers were synthesized by the Iowa State University Nucleic Acid Facility (Ames, IA): 
rf2bl: 5' ATTGGCCCTGGTTGAAGAAGAC 3' 
rf2b5: 5' AGCTAGCACCGCACCGGCAT 3' 
rf2c-expr: 5' CGAGGCTAGCATGGCGACTGCGAAC 3' 
rf2c-revl: 5' AATCCCGGCACGACGTTGAG 3' 
rf2d-expr: 5' CGAGGCTAGCATGGCGAGCAACGGC 3' 
rf2d-1011L: 5' T G A AG A AG AC GGCAAGCCTC 3' 
A117b.U: 5' C A AC AT AT G ACCTCTT CT GCT GCT GC 3' 
A117b.L: 5' TCGGAGCTCTTCGCTGTGTTTCT 3' 
A217b.u: 5' ACT CAT AT GG AG A ACGGC A A AT GC A A 3' 
A2ETL: 5' T C AGG A ATTCCCGCTT CTTTT G AG AG 3' 
ALDH3-expr: 5' CG AGGCT AGCTCGCT GCT GCT GTCG A A 3 
ALDH3-778L: 5' GCAGTAGCCCCAAATCCAG 3' 
Production of expression constructs 
The construction of pMAPl 1, which expresses rf2a, has been described previously (Liu et 
al., 2001). A similar approach was used to generate expression constructs for rf2b, rf2c, and 
rf2d. Specifically, an Nhel restriction site was introduced into the appropriate cDNA at 
either the predicted cleavage site of the predicted mitochondrial targeting sequence (rf2b) 
using the primer rf2b5, or at the start codon (rf2c and rf2d) using primers rf2c-expr and rf2d-
expr, respectively. 
To create the rf2b expression construct, the PGR product derived from the 
amplification from the full-length cDNA clone pRB73 using primers rf2b5 and rf2bl was 
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digested with NheI and Hindlll and ligated into the Nhel and Hindlll sites of pET17b 
(Novagen, Madison, WI), thereby generating pNH2. pNH2 was then digested with Hindlll 
and BamHl and the fragment containing the vector backbone was rescued and ligated with a 
1.0 kb pRB73 Hindlll-BamHl fragment, resulting in the expression construct pRB17. 
To create the rf2c expression construct, the PGR product derived from the 
amplification from the full-length cDNA clone pBSK+/3-l#3 with primers rf2c-expr and 
rf2c-revlwas digested with Nhel and BamHl to release a 0.2 kb fragment. This fragment was 
ligated into the Nhel-EcoRl sites of pET17b along with a 1.5-kb BamHl-EcoRl 3' restriction 
fragment from pBSK+/3-l#3, thereby creating the expression construct prf2c-expr#22. 
To create the rf2d expression construct, the PGR product derived from the 
amplification from clone prf2d-TOPOB6 (a product of 5' RACE) with primers rf2d-expr and 
rf2d-1011L was digested with Nhel and Sacl to release a 0.8 kb fragment. This fragment was 
ligated into the Nhel and Xhol sites of pET17b along with the 1.0 kb Sacl-Xhol fragment 
from the partial cDNA clone p0104.cabau70r, thereby creating the expression construct 
prf2d-exprA7. 
To create the AtALDHla expression construct, a 0.7 kb PGR product was amplified 
from the full-length cDNA clone pTJ311 using primers A217b.u and A2ETL. This PGR 
product was then purified, digested with Ndel and £coRI, and subcloned into the 
corresponding restriction sites of pET17b. The 0.95 kb fragment obtained by digesting 
pTJ311 with EcoK\ and Notl was then cloned into the plasmid that contained the 0.7 kb PGR 
product to create the expression construct pA217b. 
To create the AtALDH2a expression construct, a 0.3 kb PGR product was amplified 
from the full-length cDNA clone pAT6 using primers A117b.U and A117b.L and digested 
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with Ndel and Sad. This fragment was cloned into the corresponding sites of pET17b. The 
1.3 kb Sacl-BamHl fragment obtained by digesting pAT6 with Sad and BamHl was ligated 
to the pET17b-derived clone that contained the 0.3 kb PGR product to create the expression 
construct pAl 17b. 
To create the AtALDH2b expression construct, a 0.78 kb PGR product was amplified 
from the full-length cDNA clone pTJ313 using primers ALDH3-expr and ALDH3-778L. 
This PGR product was purified and then digested with Nhel and BamHl to release a 0.1 kb 
Nhel-BamHl fragment. A 1.4 kb BamHl-Xhol fragment was generated by digesting pTJ313 
with BamHl and Xhol. The 0.1 kb Nhel-BamHl and 1.4 kb BamHl-Xhol fragments were 
then subcloned into pET17b that had been digested with Nhel and Xhol to create the 
expression construct pALDH3-exprl. 
All of these PGR amplifications were performed using high fidelity Tag polymerase 
(Life Technologies, Rockville, MD) and the amplified portions of all expression clones were 
sequenced to identify PCR-induced mutations. 
E. coli complementation studies 
The E. coli strain JA111 carries a mutation in an ALDH gene that makes it unable to grow on 
media in which 1,2-propanediol is the sole carbon source (Hidalgo et al., 1991). E. coli strain 
JA111(DE3) contains the recombinant lambda DE3 phage (Novagen, Inc., Madison, WI) 
which carries a T7 RNA polymerase gene under the control of the lacUV5 promoter (Liu et 
al., 2001). Plasmid pALD9 contains an E. coli ALDH that is able to complement 
JA111(DE3) (Hidalgo et al., 1991). 
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Plasmids expressing RF2A, RF2B, RF2C, RF2D, AtALDHla, AtALDH2a and 
AtALDH2b were transformed by electroporation into JA111(DE3). The resulting cultures 
were grown on solid medium containing 100 [xg/mL ampicillin. Individual colonies from 
each transformation experiment were inoculated into liquid dyt medium containing 100 
pig/mL ampicillin and grown overnight with shaking. Ten [iL of each culture were then 
transferred into a fresh 1 ml dyt with ampicillin and grown at 37°C for 2 hours. 10 jxL of 
each culture was then streaked on a basal medium (Boronat and Aguilar, 1979) supplemented 
with either 40 mM glucose or 40 mM 1,2-propanediol as the sole carbon source. Plates were 
scored after one day (glucose medium) or three to four days (1,2-propanediol medium) of 
growth at 37°C. 
ALDH Enzyme Assays 
Enzyme assays were performed on E. coli strain JA111(DE3) harboring each of the ALDH 
expression constructs as described previously (Liu et al., 2001). For each reaction, 48 pg of 
protein was preincubated in the reaction mix for 40 seconds with either 1.8 mM acetaldehyde 
or 0.2 mM glycolaldehyde as substrate. Protein concentrations were measured using the Bio-
Rad Protein Reagent concentrated dye solution according to the procedures recommended by 
the manufacturer (Hercules, CA). 
RESULTS 
Cloning of maize and Arabidopsis ALDH genes 
The rf2 gene was cloned using a transposon tagging strategy (Cui et al., 1996; Cui et al., 
2003). During a cDNA library screen for rf2 (now termed rf2a) clones, weakly hybridizing 
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plaques were observed. Subsequent purification and DNA sequencing of one of the 
corresponding partial cDNA clones (prf2a') revealed that it was derived from a gene distinct 
from, but closely related to rf2a. This gene was termed rf2b. 
A search of the DuPont/Pioneer EST database resulted in the identification of two 
additional classes of cDNA clones with reasonably high sequence similarities to rf2a and 
rf2b. These genes have been designated rf2c (Pioneer clone p0016.ctsad3 lr) and rf2d 
(Pioneer clone p0104.cabau70r). Subsequently, full-length cDNA clones were obtained and 
sequenced for rf2b (pRB73; GenBank Accession AF348417), rf2c (pBSK+/3-l#3; GenBank 
Accession AF348413), and rf2d (prf2d-TOPOB6 and p0104.cabau70r; GenBank Accession 
AF348415) via library screens and 5' RACE experiments. 
A BLAST search (Altshul et al., 1990) of Arabidopsis ESTs performed using the 
RF2A sequence as the query identified Arabidopsis ESTs derived from three genes, 
AtALDHla, AtALDH2a, and AtALDH2b. A full-length clone of AtALDH2a (pAT6; 
GenBank Accession AF349447) and near full-length clones of AtALDHla (pAT7, GenBank 
Accession AA395226) and AtALDH2b (pAT4, GenBank Accession R83958) were obtained 
from the Arabidopsis Biological Resource Center. The 5' ends of the partial clones were 
used in cDNA library screens to obtain full-length clones of AtALDHla (pTJ311; GenBank 
Accession AF349448) andAtALDH2b (pTJ313; GenBank Accession AF348416). 
Maize and Arabidopsis cDNA clones were also identified that exhibit substantial 
sequence similarity to fatty aldehyde dehydrogenases; these will be the subject of a 
subsequent report. 
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Confirmation of ALDH Function 
The E. coli strain 3 (Caballero et al., 1983) can grow on media in which 1,2-propanediol is 
the sole carbon source. It uses 1,2-propanediol as a carbon source by oxidizing 1,2-
propanediol to L-lactaldehyde and subsequently oxidizing lactaldehyde to L-lactate which 
can be converted to pyruvate and enter central metabolism (Boronat and Aguilar, 1979). E. 
coli strain JA111 differs from strain 3 in that it carries a mutation in a gene that encodes an 
ALDH capable of oxidizing L-lactaldehyde to L-lactate. Because of this mutation, JA111 
can not grow on media in which 1,2-propanediol is the sole carbon source (Hidalgo et al., 
1991). 
To test whether the plant ALDH genes can complement this E. coli ALDH mutant, 
expression constructs containing the coding regions from rf2a, rf2b, rf2c, rf2d, AtALDHla, 
AtALDH2a, and AtALDH2b were produced and transformed into JA111(DE3). RF2A-, 
RF2C-, RF2D-, and AtALDHla-expressing cultures were able to grow on selective media 
(Figure 2). RF2B-, AtALDH2a-, and AtALDH2b-expressing cultures were not. Because the 
rf2a, rf2c, rf2d and AtALDHla genes can complement the ALDH mutation carried by JA111, 
we conclude that these genes encode functional ALDHs. The finding that the rf2b, 
AtALDH2a, and AtALDH2b genes can not complement this mutation suggests that either 
these genes do not encode functional ALDHs or that they are not able to utilize L-
lactaldehyde as a substrate when expressed in E. coli. 
To settle the question of whether the rf2b, AtALDH2a, and AtALDH2b genes encode 
functional ALDHs and to explore the substrate preferences of this set of proteins, ALDH 
enzyme assays were performed on crude protein extracts from E. coli expressing RF2A, 
RF2B, RF2C, RF2C, RF2D, AtALDHla, AtALDH2a, and AtALDH2b. Glycolaldehyde and 
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acetaldehyde were used as substrates in these experiments. All extracts, including RF2B, 
AtALDHla and AtALDH2b, exhibited ALDH activity (Figure 3). Hence, it can be 
concluded that all of these genes encode functional ALDHs. 
Phylogenetic Relationships among ALDH Proteins 
The PSORT subcellular localization prediction program (Nakai and Kanehisa, 1992) was 
used to test whether any of the ALDHs contain subcellular targeting signals. This program 
predicts with 92% certainty that the RF2A protein localizes to the mitochondrial matrix. 
Subsequent subcellular fractionation experiments confirmed this prediction (Liu et al., 2001). 
PSORT also predicts to a high certainly that RF2B, AtALDH2a, and AtALDH2b localize to 
the mitochondrial matrix. The predicted cleavage sites of the mitochondrial targeting 
sequences according to Sjôling and Glaser (1998) are after Phe45 (RF2B), Phe14 
(AtALDH2a), and Tyr34 (AtALDH2b). 
No subcellular localization predictions were obtained via PSORT analyses for RF2C, 
RF2D, or AtALDHla. mtALDHs are typically between 520 and 550 amino acids, while 
cytosolic ALDHs (cALDHs) are typically around 500 amino acids (Perozich et al., 1999). 
Consistent with the results from the PSORT analysis, RF2C and RF2D are considerably 
shorter than RF2A and RF2B. RF2C and RF2D consist of 503 and 512 amino acids, 
respectively, while RF2A and RF2B consist of 549 and 551 amino acids, respectively. In 
addition, the additional amino acids in RF2A and RF2B relative to RF2C and RF2D are 
located at the N-termini of the proteins, the location of typical mitochondrial targeting 
sequences. This result in combination with the failure of PSORT to predict subcellular 
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localizations for RF2C, RF2D, and AtALDHla have led us to putatively classify these 
proteins as cALDHs. 
Phylogenetic comparison of the maize and Arabidopsis ALDH gene families 
demonstrates that mtALDHs from maize and Arabidopsis group together with other 
predicted plant mtALDHs to the exclusion of the mammalian mtALDHs (Figure 1). 
Similarly, the predicted cytosolic forms (AtALDHla, RF2C, and RF2D) cluster together and 
are most similar to plant mtALDHs. These predicted cytosolic isozymes are equally 
divergent from both mammalian mtALDHs and mammalian cALDHs. 
Conservation of Gene Structures 
The rf2a gene structure has been reported previously (Cui et al., 2003). Genomic clones that 
contain the rf2b (GenBank Accession AF348418), rf2c (GenBank Accession AF348412) and 
rf2d (GenBank Accession AF348414) loci were isolated from a B73 genomic library and 
sequenced. The structures of these genes were determined via comparisons to the sequences 
of the corresponding full-length cDNA clones. The gene structures of the AtALDHla, 
AtALDH2a, and AtALDH2b genes were determined via comparisons of the sequences of the 
full-length cDNAs with the corresponding genomic sequences obtained from the Arabidopsis 
genome project sequencing effort. 
Comparisons of the seven resulting gene structures revealed that in addition to being well 
conserved at the protein level (Table 1), the maize and Arabidopsis mtALDH and cALDH 
genes also exhibit a striking degree of conservation of intron/exon boundaries both within 
and between species (Figure 4). 
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Origins of the maize ALDH genes 
The maize genome contains at least four ALDH genes. It is possible that some of these 
genes arose via the segmental allotetraploidization event that restructured the maize genome 
20 MYA (Gaut and Doebley, 1997; Gale and Devos, 1998; Moore, 2000). To test this 
hypothesis, the genetic map positions of the four genes were determined via RFLP mapping 
of recombinant inbred lines (Figure 5). If these duplications arose during the segmental 
allotetraploidization event, then it would be expected that the duplicate genes reside on 
syntenic regions of the genome. However, in most instances the ALDH genes do not map to 
syntenic regions. 
The single exception concerns the rf2d gene. The RFLP mapping experiments 
revealed that the rf2d probe hybridizes to DNA fragments derived from the long arms of 
chromosomes 3 (major band) and 8 (minor band). The long arms of chromosomes 3 and 8 
are syntenic (Wilson et al., 1999; reviewed by Moore, 2000). The copy of rf2d on 
chromosome 3 (rf2dl) is closely linked to the rf2c locus. Even though no recombination 
events were observed between rf2c and rf2dl in any of the approximately 100 Ben Burr 
recombinant inbred lines (Burr et al., 1988), rf2dl is clearly distinct from rf2c because the 
rf2c and rf2d probes detect different RFLPs. 
Sequence non-conformity in RF2D, AtALDHla, and AtALDH2b 
Protein sequence alignments identified four amino acid residues that are fully conserved 
across 145 diverse ALDHs (Perozich et al., 1999). These invariant residues are in regions of 
the ALDH proteins that are predicted to be involved in either the interaction of NAD+ with 
ALDH or the positioning of the catalytic nucleophile. An additional twelve residues are 
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present in more than 95% of these 145 ALDHs (Perozich et al., 1999). Analyses of the 
positions of these twelve residues relative to the crystal structures of ALDH proteins (Liu et 
al., 1997; Steinmetz et al., 1997; Moore et al., 1998) suggest that these residues may be 
conserved due to their involvement in delineating secondary structure, interacting with 
NAD+, or catalytic activity. Each of these 16 residues is conserved in RF2A, RF2B, RF2C, 
and AtALDH2a. 
RF2D and AtALDHla exhibit similar conservation except at ALDH index position 
Arg25[166], In this nomenclature the number in brackets designates the index position of a 
site within the alignment of the 145 ALDHs; Arg25 is the amino acid residue at that site in 
PDB ID: 1AD3. This site is equivalent to positions 100 and 89 in RF2D and AtALDHla, 
respectively. RF2D and AtALDHla both contain a Lys at index position 166 (Figure 6). 
Even though Arg to Lys changes are generally considered conservative, the Arg at index 
position 166 is conserved in all but two of the 145 ALDHs. The two exceptions are an £2-
crystallin from squid and an E. coli ALDH which contain at index position 166 Leu and Asp 
residues, respectively. Because one of these proteins (the Q-crystallin from squid) is known 
to lack ALDH activity, RF2D and AtALDHla represent only the second and third instances 
of functional ALDHs that contain a non-conserved residue at index position 166. 
Position 303 in AtALDH2b contains a Glu residue at ALDH index position 
Gly211 [400]. In contrast, all but five of 145 other ALDHs contain Gly at this position 
(Perozich et al., 1999). Hence, this is a highly conserved residue. This may be because it is 
located in a structural turn between the catalytic and coenzyme binding domains in the class 
3 ADLH structure (Hempel et al., 1997). None of the five ALDHs that contain a non-Gly 
residue at index position Gly2" [400] have been shown unequivocally to be enzymatically 
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active. Therefore, it is possible that a Gly to Glu substitution could abolish ALDH function. 
However, the biochemical characterization of AtALDH2b has revealed that this conserved 
Gly residue is not essential for ALDH function (Figure 3). 
Functional Differences between mtALDHs and cALDHs 
If mtALDHs and cALDHs have different metabolic functions, then the set of amino acids 
that vary between the two classes of isozymes would be expected to include those residues 
that confer functional differences. Inspection of a multiple alignment of the four mtALDHs 
and three cALDHs boxed in Figure 1 revealed that 173 sites are fully conserved across all 
members. Thirteen sites are fully conserved within but not between the two clades; at five 
sites the R-group properties are conserved within but not between the two clades; 55 sites are 
conserved within one clade, but vary in the other; 15 sites are conserved within one clade and 
differ from conserved R-group properties in the other clade; and 16 sites exhibit conserved 
R-group properties within one clade but vary in the other clade. 
Sites that are responsible for functional differences between mtALDHs and cALDHs 
are expected to exhibit rates of evolution that are statistically independent of the rate of 
evolution between members of the two clades. The probability that the evolutionary rate at a 
particular site is statistically independent between two gene clades is termed 0. Using an 
algorithm developed by Gu (1999), the values of 0 were determined for each residue in the 
comparison of plant mtALDHs and cALDHs. These analyses established that of 491 
residues analyzed, 315 (64%) had values of 0 less than 0.13; 120 (24%) had values between 
0.13 and 0.18; and 51 (11%) had values between 0.18 and 0.35. Only five exhibited values 
of 0 greater than 0.4 (Arg^, His-^, Arg^73, Glu-^, and Thr^^l), This residue 
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numbering system is based on that of RF2A as shown in Figure 6. These specific residues 
correspond to index numbers 211, 425, 461, 487 and 612 in the alignment of 145 ALDHs 
(Perozich et al., 1999). Arg^, His^39 Arg373; Ghp88 are all conserved in plant 
mtALDHs but vary in cALDHs. All the cALDHs have a Ser at the position corresponding to 
the Thr491 position of RF2A. However, this site varies among mtALDHs. 
DISCUSSION 
Six ALDH genes were cloned from maize and Arabidopsis. Each of the corresponding 
proteins has been enzymatically characterized and exhibits ALDH activity. A partial 
explanation for the presence of so many ALDH genes in plant genomes is the need to provide 
ALDH activity in various subcellular compartments. This need arises because although 
some aldehydes (e.g. acetaldehyde) are able to move from one subcellular compartment to 
another, the molecular sizes of others preclude their passive diffusion across membranes. 
Therefore, organelles that contain pathways that generate aldehydes but that do not contain 
an ALDH could experience aldehyde-induced damage. 
Phylogenetic analyses indicate that the maize and Arabidopsis ALDHs cluster into 
two clades. One clade contains confirmed and predicted mtALDHs, the other predicted 
cALDHs. In this respect plants are similar to mammals and fungi. These observations are 
consistent with an ancient duplication that generated the cALDHs and the mtALDHs. 
However, plant mtALDHs are more similar to plant cALDHs than to mtALDH from 
mammals and fungi (Figure 1). Hence, it appears that either the gene duplications that 
generated the mtALDHs and the cALDH occurred independently within each lineage after 
the divergence of plants, animals and fungi or that gene conversion-like events that 
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homogenized the mtALDH and cALDH sequences have occurred independently within each 
lineage. 
All studied plant genomes (maize, rice, Arabidopsis and tobacco) contain two 
confirmed or predicted mtALDHs (Figure 1 and data from op den Camp and Kuhlemeier, 
1997). If these mtALDHs arose via a single gene duplication that preceded the divergence of 
monocots and dicots, it would be expected that there would be more mtALDH sequence 
divergence within species than among species. However, the maize and rice mtALDHs are 
more similar to each other than to the Arabidopsis and tobacco mtALDHs, suggesting that 
the mtALDH genes arose via independent duplications after the divergence of monocots and 
dicots or that independent gene conversion-like events have homogenized the mtALDHs in 
the monocot and dicot lineages. The observation that the maize and rice ALDHs do not 
cluster by species suggests that this duplication occurred prior to the speciation of maize and 
rice. This result is consistent with the finding that the two maize mtALDHs do not map to 
regions of the maize genome that were duplicated during the segmental allotetraploidization 
event. Because DNA gel blot experiments do not provide any evidence for the presence of 
additional sequences in the maize genome that have a high degree of sequence similarity to 
rf2a or rf2b (data not shown), it can be concluded that either the mtALDH genes did not 
participate in the segmental allotetraploidization of the maize genome or that any 
duplications created via this process were subsequently lost. 
Maize contains multiple cALDH genes (rf2c, rf2dl and rf2d2). The two of these 
genes for which there is evidence of expression (rf2c and rf2dl) are very closely linked on 
the long arm of chromosome 3. This mapping result suggests that the duplication of these 
cALDH genes occurred via a process unrelated to the segmental allotetraploidization event. 
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Indeed, it appears that this tandem duplication preceded the divergence of maize and rice 
because two rice ALDH ESTs map to the region of the rice genome (Causse et al., 1994) that 
is syntentic with the long arm of the maize chromosome 3 (Gale and Devos, 1998). One of 
these ESTs appears to have been derived from the OsALDHla gene described by Li et al. 
(2000); the other appears to be a close relative of OsALDHla. The existence of an 
OsALDHla relative is consistent with hybridization data from Li et al. (2000). 
In addition to tandem duplications, there is also evidence that the maize cALDH 
genes participated in the segmental allotetraploidization event. The second copy of rfld is 
located on a region of the genome (the long arm of chromosome 8) that is known to be 
syntenic to the long arm of chromosome 3. As described above, the tandem duplication on 
the long arm of chromosome 3 appears to have arisen prior to the speciation of maize and 
rice. Following the segmental allotetraploidization event that presumably duplicated both of 
the closely linked cALDH genes from the long arm of chromosome 3, the duplicate copy of 
rf2c on chromosome 8 was apparently lost from the genome. 
Gene duplications are thought to provide the raw material for functional innovations 
during evolution (Henikoff, 1997). For example, gene duplication permits one copy to 
maintain its original function, while the other copy is free to accumulate mutations that 
confer new functions (Ohno, 1970; Li, 1983). Indeed, unless this type of functional 
divergence occurs it is likely that over time all but one gene copy will be silenced by random 
mutations. Hence, that this inactivation has not occurred extensively in among plant ALDHs 
provides strong evidence for the existence of functional divergence among members of these 
gene families. 
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The nature of this functional divergence is not known. One possibility is that the 
plant ALDHs encode enzymes with the same biochemical functions, but that accumulate at 
different times or places within the plant. In the absence of detailed expression data it is not 
currently possible to address this possibility. One of the ways that we are testing this 
hypothesis is by determining whether constructs that contain the regulatory regions of rf2a in 
combination with the coding regions of rf2b, rf2c and rf2d can complement the rf2a mutation 
in transgenic maize. 
An alternative, but not mutually exclusive, possibility is that the ALDH genes have 
accumulated polymorphisms in their coding regions that confer functional differences. In this 
context, functionality can refer to any number of features, including pH optimum, Km, Vmax, 
and KCat that can influence metabolic function. 
Mammalian mtALDHs and cALDHs are known to exhibit significant differences in 
Km and Vmax for a variety of substrates (Klyosov, 1996). Inspection of a multiple alignment 
revealed multiple sites that were better conserved in mtALDHs than in cALDHs, or vice-
versa, suggesting that plant mtALDHs and cALDHs might also exhibit different properties. 
Gu (1999) has developed an algorithm that can identify residues likely to be responsible for 
such functional differences. This algorithm is based on the expectation that residues that 
confer functional differences will experience different rates of evolution among clades, 0, 
than those sites that do not. 
Comparisons between plant mtALDHs and cALDHs revealed five residues (Arg17^, 
His339; Arg373; Glu388 and Thr^l) that exhibited high values of 0. Since the crystal 
structure of a mtALDH has been solved (Steinmetz et al., 1997) and used to thread the RF2A 
protein (Liu et al., 2001), the positions of these residues can be established in three-
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dimensional space. Four of these high 0 residues (Argl75? His^39 Arg^73? Glu^88) are 
conserved among plant mtALDHs and are located around the periphery of the active site 
pocket on the mtALDH structure (Figure 7). Because these residues are bulky and/or 
charged, polymorphisms at these sites are likely to affect substrate binding characteristics. 
Hence, these data provide computational support for the hypothesis that like mammalian 
ALDHs, plant mtALDHs and cALDHs exhibit functional differences. We are currently 
testing this hypothesis via biochemical experiments. 
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Table 1. Comparison of amino acid identity and similarity for the maize and 
Arabidopsis ALDHs. Numbers in shaded and non-shaded boxes represent amino acid 
similarities and identities, respectively. 
RF2A RF2B RF2C RF2D AtALDH 
la 
AtALHD 
2a 
AtALDH 
2b 
RF2A - 83.4 68.6 69.4 67.8 82.9 83.9 
RF2B 78.7 - 68.6 68.4 67.0 80.6 79.4 
RF2C 59.0 60.0 - 80.9 76.3 68.3 66.0 
RF2D 59.2 58.3 72.2 - 77.0 68.0 63.6 
AtALDHla 56.2 55.9 67.9 68.1 - 67.4 64.3 
AtALDH2a 76.4 74.0 57.7 57.9 57.9 - 80.7 
AtALDH2b 78.8 73.1 56.6 54.1 54.5 75.1 -
FIGURE LEGENDS 
Figure 1. Phylogenetic tree of selected ALDHs. The tree was constructed using the 
MEBoot program. A neighbor-joining tree was initially used and 1000 bootstrap replicates 
were conducted using 456 amino acid sites. Bootstrap values above 50% are indicated at 
each node. At, Arabidopsis thaliana\ Bt, Bos taurus; Hs, Homo sapiens; Nt, Nicotiana 
tabacum\ Os, Oryza sativa; Rn, Rattus norvegicus; Sc, Saccharomyces cerevisiae; Zm, Zea 
mays; mtALDH, mitochondrial ALDH (actual or predicted); cALDH, cytosolic ALDH 
(actual or predicted). Boxed ALDHs were characterized in this study. GenBank and 
SwissProt Accessions for ALDHs used in this study: BtALDH2, P20000; HsALDH2, 
AAA51693; RnALDH2, S03564; HsALDHlBl, XP 005402; BtALDHIAl, AAA74234; 
HsALDHlAl, AAA51692; HsALDHlAô, AAA79036; OsALDH2b, AB044537; ZmRF2A, 
U43082; ZmRF2B, AF348417; OsALDH2a, AB030939; NtALDH2a, Y09876; AtALDH2b, 
AF348416; AtALDH2a, AF349447; OsALDHla, AB037421; ZmRF2C, AF348413; 
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ZmRF2D, AF348415; AtALDH la, AF349448; ScALDHlDl, AAB01220; ScALDHlD2, 
P46367; Sc ALDH IF, AAB01219. 
Figure 2. The r/2a, rf2c, rf2d, and AtALDHla genes can complement an E. coli ALDH 
mutant. Expression constructs containing the rf2a, rf2b, rf2c, rf2d, AtALDHla, AtALDH2a 
and AtALDH2b genes were each transformed into JA111(DE3) to assess complementation on 
basal media containing either glucose (left plate) or 1,2-propanediol (right plate) as the sole 
carbon source. For both plates: Section 1, JA111(DE3) pMAPll (rf2a); Section 2, 
JA111(DE3) pRB17 (rf2b); Section 3, JA111(DE3) prf2c-expr#22 (rf2c); Section 4, 
JA111(DE3) prf2d-exprA7 (rf2d); Section 5, JA111(DE3) pA217b (AtALDHla); Section 6, 
JA111(DE3) pAl 17b (AtALDH2a); Section 7, JA111(DE3) pALDH3-exprl (AtALDH2b); 
Section 8, JA111(DE3) pALD9 (positive control); Section 9, JA111(DE3) pET17b (negative 
control). 
Figure 3. RF2A, RF2B, RF2C, RF2D, AtALDHla, AtALDH2a, and AtALDH2b 
all exhibit ALDH activity. Crude extracts of E. coli expressing recombinant RF2A, 
RF2B, RF2C, RF2D, AtALDHla, AtALDH2a , AtALDH2b protein or containing the 
empty vector pET17b were assayed for ALDH activity on acetaldehyde (Panel A) and 
glycolaldehyde (Panel B). RFU, relative fluorescence units at 460 nm. 
Figure 4. Gene structures of the ALDH genes of maize and Arabidopsis. Exons are 
represented by gray boxes. Horizontal lines represent intronic or non-transcribed sequences. 
The position of a retrotransposon insertion in rf2a is indicated by an open triangle. Start and 
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stop codons are denoted by the vertical bars in exons at the 5' and 3' ends of the gene, 
respectively. 
Figure 5. Genetic mapping of maize ALDH genes. rf2a was mapped as described 
previously (Wise and Schnable, 1994). rf2b, rf2c, and rf2d were mapped using the Ben Burr 
recombinant inbred lines (Burr et al., 1988). Chromosome arms are indicated above each 
vertical line. Distances between markers are indicated in cM. 
Figure 6. ALDH gene family protein alignment. Asterisks above the alignment 
represent identical residues for the corresponding ALDH index position. Hyphens 
designate gaps introduced to optimize alignments. Boxes around the residues 
represent positions conserved in >95% of analyzed ALDH sequences (Perozich et al., 
1999). Arrows indicate positions predicted to be responsible for functional 
differences between plant mtALDHs and cALDHs. Residue colors follow the 
assignment of the PAM 250 Matrix: Orange—hydrophilic (G, P, S, T); Red—basic 
(H, K, R); Blue—aromatic (F, W, Y); Green—hydrophobic (I, L, M, V); No 
color—acid-amide and other (A, C, D, E, N, Q) 
Figure 7. Residues predicted to be responsible for functional differences 
between mtALDHs and cALDHs. This three-dimensional structure of RF2A was 
predicted using SWISS-MODEL (Guex and Peitsch, 1997) using bovine mtALDH 
(Protein Data Bank number 1AG8) as a template. The stereo images were prepared 
using MOLMOL (Koradi et al., 1996). Residues Arg^, His"^, Arg^, Glu~*^, 
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and Thr*^ in the RF2A sequence are equivalent to amino acid index numbers 211, 
425,461,487 and 612 (Perozich et al., 1999), respectively. 1AG8 is a homotetramer; 
only one subunit is illustrated here. 
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ABSTRACT 
Motivation: Scanning parameters are often overlooked when optimizing microarray 
experiments. A scanning approach that utilizes multiple scans of different intensities has 
been developed to maximize power for detecting statistically significant differences in gene 
expression. 
Results: Data from each of three scan intensities (low, medium, high) were analyzed 
separately to identify sets of genes that exhibit statistically significant differential expression. 
The set of differentially expressed genes from any one scan amounted to less than 70% of the 
total number of genes identified in at least one scan. The average signal intensity of genes 
that exhibited statistically significant changes in expression was highest for the low-intensity 
scan and lowest for the high-intensity scan. This suggests that low-intensity scans may be 
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best for detecting expression differences in high-signal genes, while high-intensity scans may 
be best for detecting expression differences in low-signal genes. Apparent fold changes also 
varied in relation to scanning intensity. 
Availability: The R project for statistical computing is available at http://www.r-
project.org/. 
Contact: schnable@iastate.edu 
Supplementary information: Data from these experiments can be viewed at 
http://www.plantgenomics.iastate.edu/ 
INTRODUCTION 
DNA microarrays are a powerful tool for simultaneously examining the relative abundance 
of thousands of transcripts between two RNA samples (Schena et al., 1995). Microarray 
experiments can be divided into seven steps: experimental design, array production, tissue 
collection, RNA isolation and amplification, labeling and hybridization, data acquisition, and 
data analysis. Much literature has been published regarding experimental design (Kerr and 
Churchill, 2001; Churchill, 2002; Yang and Speed, 2002; Kerr, 2003; Simon and Dobbin, 
2003), array production (Diehl et al., 2001; Rickman et al., 2003; Taylor et al., 2003), RNA 
isolation and amplification (Van Gelder et al, 1990; Luo et al, 1999; Baugh et al., 2001; 
Pabon et al, 2001; Naderi et al, 2004; Wilson et al., 2004), labeling and hybridization 
considerations (Heller et al, 1997; Yue et al., 2001), and downstream data analysis 
(Wolfinger et al., 2001; Quackenbush, 2002; Slonim, 2002; Leung and Cavalieri, 2003). 
However, an often-overlooked aspect of microarray experiments is data acquisition. 
Although the seminal microarray publication (Schena et al., 1995) described a data 
acquisition strategy using two different laser settings, this approach has not typically been 
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applied to conventional protocols for acquiring images for microarrays. Instead, most 
microarray protocols recommend scanning one time per channel at settings that minimize the 
number of saturated spots (Hegde et al., 2000; Leung and Cavalieri, 2003). While this 
approach captures a subset of the statistically significant differences, it potentially excludes 
genes on the basis of signal intensity. Duggan et al. (1999) reported that one of the limiting 
factors in microarray experiments is signal detection for low-signal spots. Indeed, scan 
intensities necessary for preventing saturation of high-signal genes may prove inadequate for 
the detection of differential expression in low-signal genes. 
An alternative scanning approach that utilizes multiple scans at varying intensities has 
been developed and applied to an experiment aimed at identifying differences in transcript 
abundance in developing maize anthers. The tassel, which is the male reproductive structure 
of maize, bears spikelets that contain two floret types, the upper and lower florets, each of 
which contains three anthers. Within each floret, anthers proceed through same 
developmental stages and ultimately produce pollen. Anthers in the upper and lower florets 
are indistinguishable at the gross anatomical level, with the exception that the lower floret is 
developmental^ delayed two to three days relative to the upper floret (Hsu et al., 1988; Hsu 
and Peterson, 1991). However, recent analyses of a cytoplasmic male sterility system led Liu 
et al. (2001) to hypothesize that anthers in the upper and lower florets exhibit differences in 
gene expression. This hypothesis served as the biological basis for testing the effect of scan 
intensity on the identification of statistically significant differences. 
Here we describe the analysis of multiple data sets produced by scanning each of 
several microarrays at multiple intensities. Our work was motivated by the hypothesis that 
the scan intensity required to achieve resolution necessary for detecting differential 
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expression is inversely related to a gene's signal intensity. Thus, images containing low, 
intermediate and high numbers of saturated spots would be expected to detect differences in 
gene expression among genes that exhibit high, medium, and low signal strengths, 
respectively. To test this hypothesis empirically, three scans, spanning a twenty-fold 
difference in average signal strength, were analyzed to identify the number of statistically 
significant differences detected and the degree of overlap among the three data sets. The data 
presented here support our hypothesis and demonstrate that scanning at multiple intensities 
can play an important role in acquiring data for microarray analyses. 
MATERIALS AND METHODS 
Plant Materials and Anther Collection 
Maize plants of the inbred line Ky21 were grown in the summer of 2001 at the Curtiss 
Research Farm in Ames, IA. The plants used in this experiment had the pedigree numbers 
01-4524, 01-6021, and 01-6024. Anthers were collected as described in Skibbe et al. (in 
preparation). 
RNA Isolation and Amplification 
RNA was extracted from anthers using Trizol reagent (Invitrogen, Carlsbad, CA) as 
recommended by the manufacturer. RNA quality and quantity were analyzed on 1% agarose 
gels run under denaturing conditions. Estimates of RNA quantity were confirmed by 
measuring the fluorescence of a sub-sample mixed with the RiboGreen RNA quantitation 
reagent (Molecular Probes, Eugene, OR) on a SpectroMax Gemini spectrofluorometer 
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(Molecular Devices, Sunnyvale, CA). RNA was isolated from eight to twenty anthers from 
each individual. Equal amounts of RNA from one to four individuals per stage per floret 
type (i.e., upper or lower) were pooled randomly to generate one biological replicate. In 
total, 24 biological replicates (two biological replicates per stage per floret type) were 
generated. Approximately 100 ng of total RNA from each biological replicate were used as 
starting material for T7-based linear RNA amplification, performed as described by 
Nakazono et al. (2003). Each biological replicate yielded between 30 and 50 \xg of amplified 
RNA (aRNA). 
Microarray Preparation 
A 12,160 element microarray chip (Generation II version B) was generated at Iowa State 
University's Center for Plant Genomics (details at 
http://www.plantgenomics.iastate.edu/maizechip/). Of the 12,000 ESTs printed on the slide, 
8,832 cDNA clones from the Stanford Unigene Set 1 developed by the National Science 
Foundation-funded Maize Gene Discovery Project (http://www.maizegdb.oru), and 1,152 
cDNAs from libraries (ISUM3, ISUM4, and ISUM5 
(http://schnablelab.plantaenomics.iastate.edu/research/genomics/htp est/)) prepared at Iowa 
State University as part of a National Science Foundation Plant Genome Project were PGR 
amplified, purified and quantified in Nakazono et al. (Nakazono et al., 2003). The 3' cDNA 
ends from an additional 2,016 clones were prepared as described in Nakazono et al. 
(Nakazono et al., 2003) with slight modifications (details at 
http://schnablelab.plantgenomics.iastate.edu/resources/protocols/). 
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Fluorescent Target Synthesis 
Fluorescently labeled cDNAs were prepared according to Nakazono et al. (2003) with slight 
modifications. Details of fluorescent target synthesis are posted at 
http://schnablelab.plantgenomics.iastate.edu/resources/protocols/. Only targets that 
contained more than 3000 picomoles of cDNA, more than 60 picomoles of Cy dye, and more 
than one dye molecule per 50 bases were used for hybridizations. 
Hybridization 
Arrays were prehybridized in 5X SSC (IX SSC is 0.15 M NaCl and 0.015 M sodium citrate), 
0.1% SDS, and 0.1 mg/ml bovine serum albumin at 42°C for 45 minutes, then rinsed with 
water, dipped in isopropanol, and dried by centrifugation. Each target was resuspended in 20 
(jl hybridization solution (5X SSC, 0.1% SDS, 0.2 fig/|il of yeast tRNA, 0.2 fxg/fxl of 
polyadenylic acid, and 25% super-pure (>99.5%) formamide (Fisher Scientific, Cat no. 
BP228-100, Hanover Park, IL). Targets hybridized to the same slide were mixed, heated at 
100°C for 3 minutes, collected by centrifugation, applied to a prehybridized microarray slide 
and covered with a 22 x 40 mm hybrislip (Sigma, St. Louis, MO). Ten microliters of 3X 
SSC were added to each of the two slots of the hybridization chamber (TeleChem, Santa 
Clara, CA). The array was then sealed, submerged in a 42° C water bath and incubated for 
12 to 16 hours. Subsequently, each array was washed in IX SSC and 0.2% SDS for two 
minutes, O.IX SSC and 0.2% SDS for two minutes, and O.IX SSC for two minutes, followed 
by a quick rinse in autoclaved, Millipore water. Arrays were then dried via centrifugation. 
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Microarray Experimental Design 
For each of the two biological replications, upper and lower floret samples from each 
developmental stage were compared on two slides using a dye-swap design (Kerr et al., 
2000). In addition, for each experimental replication, direct stage-to-stage comparisons were 
made within each floret type using a loop design (Kerr and Churchill, 2001). Hence, 
considering the two floret types, six stages, and two biological replications, a total of 48 
slides were used: 12 per replication for direct floret type comparisons and 12 per replication 
for stage-to-stage comparisons within floret types. 
Microarray analyses 
Arrays were scanned with a ScanArray 5000 (Packard, Meriden, CT). Initial scans were 
conducted at 50 micron resolution, and the laser power and PMT gain were adjusted until the 
ratio of the Cy3 and Cy5 channels was approximately one for a majority of the spots. A 
series of six scans, in ascending order of laser power and PMT gain, was then performed at 
10 micron resolution and 50% scan rate. Initial laser power and PMT gain were 
approximately 78 and 70 for Cy3 and 75 and 57 for Cy5, respectively. For each successive 
scan, laser power and PMT gain was increased by three to four units and two to three units, 
respectively. Fluorescent signal intensities were determined using ImaGene 5.0 
(Biodiscovery, Marina Del Rey, CA). For each slide, dye, and scan intensity, the median of 
the un-normalized log median signal intensities of all spots was computed using the R project 
for statistical computing (http://www.r-project.org/). For each slide and dye, the three scans 
whose medians were closest to 6.0, 7.5, and 9.0 were selected for analysis. 
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Data Normalization 
An R implementation of the lowess normalization method (Dudoit and Fridlyand, 2002) was 
used to normalize the two channels for each combination of slide and scan intensity. The 
lowess normalization procedure was applied to the natural log of the background-corrected 
median signal intensities (median signal intensity minus the median background intensity) 
computed for each spot. The average of these /owe-s^-normalized values across spots was 
computed for each slide, channel, and scan intensity. The average of these averages was 
approximately 5.7, 7.2, and 8.7 for the low, medium, and high scans, respectively. The 
/owej;s-normalized data for each channel was then centered on the average for its scan 
intensity so that all channels sharing a common scan intensity would have identical averages. 
We refer to these /owess-normalized and mean-centered values as normalized signal 
intensities. 
Statistical Analysis 
For each scan, a mixed linear model analysis was conducted separately for each of 12,160 
spots using a strategy similar to that of Wolfinger et al. (2001). The mixed linear model 
included fixed effects for developmental stage (6 levels), floret type (2 levels), stage-by-
floret interaction, and dye (Cy3 or Cy5). Replication, stage-by-replication, stage-by-floret-
by-replication, slide nested within replication, and an observation-specific error term were 
included as random effects. These random effects were selected to allow for correlations 
among observations expected to result from the structure of the experimental design. For 
example, the replication random effects allow for correlation between any two observations 
obtained within the same replication of the experiment. The stage-by-replication random 
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effects allow for additional correlation among observations obtained from the same stage 
within a replication. Such correlations might be expected because all the observations 
corresponding to any combination of stage and replication were obtained from a single pool 
of plants. Similarly, the random effects for stage-by-floret-by-replication interaction and 
slides within replications allow for additional correlations among observations that came 
from the same pool of floret types or from the same slide, respectively. 
RESULTS 
Selection of low, medium, and high intensity scans 
Relative levels of transcript abundance in developing maize anthers were compared at six 
developmental stages (meiocyte, dyad/tetrad, tetrad, early microspore, mid microspore, and 
mid/late microspore) for two floret types (upper and lower floret) using cDNA microarrays. 
We hypothesized that images containing low, intermediate, and high numbers of saturated 
spots would be expected to detect differences in gene expression among genes that exhibit 
high, medium, and low signal strengths, respectively. To test this hypothesis, each 
hybridized microarray was scanned six times in ascending order of laser power and PMT 
gain. Scans with median values of approximately 6.0, 7.5, and 9.0 for the natural log of the 
signal median intensity for the non-normalized data, were classified as low, medium, and 
high intensity scans, respectively. Therefore, the low and medium intensity scans, and 
medium and high intensity scans differ by 4.5-fold signal strength, whereas the low to high 
intensity scans cover a 20-fold signal strength range. When visualized using the false-color 
images generated by the ScanArray software, the low intensity scans contained mostly blue 
spots with a few green or red spots; the medium intensity scans contained a mixture of blue, 
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green, and yellow spots, with a few white spots; and the high intensity scans contained 
mostly green, yellow, red, and white spots, with a minority of blue spots (Figure 1). 
Statistical Analysis 
Separate, equivalent statistical analyses were performed on the low, medium, and high 
intensity scan normalized data sets using a mixed linear model similar to that described by 
Wolfinger et al. (2001). As part of the mixed linear model analyses performed for each 
scan, tests for stage main effects, floret main effects, and stage-by-floret interaction were 
conducted for each of the 12,160 spots. The tests for stage main effects can be used to 
identify genes whose expression, averaged over both the upper and lower florets, differed 
significantly across developmental stages. Analogously, the tests for floret main effects can 
be used to identify genes whose expression in the upper floret differed significantly from 
expression in the lower floret when averaging across all six stages. The interaction tests can 
be used to identify genes for which the difference between expression in the upper and lower 
floret varied significantly across stages. 
Identification of statistically significant differences 
The histogram of ^ -values corresponding to the tests for stage main effects from the medium 
intensity scan data set is depicted in Figure 2. If no genes were differentially expressed 
across stages, the histogram would be expected to exhibit a uniform shape. Instead, there is a 
clear overabundance of small ^ -values, suggesting that many genes exhibited differential 
expression across stages. The analogous p-value histograms for the low and high intensity 
scans are highly similar to that illustrated in Figure 2 (data not shown). The three histograms 
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corresponding to the tests for floret main effects also have a shape similar to the stage 
histograms (data not shown). In contrast, there is no overabundance of small jp-values for the 
set of interaction jo-values from any of the three scans (data not shown). This suggests that 
genes differentially expressed across stages tend to follow a similar pattern in both florets, 
and genes differentially expressed across florets tend to exhibit floret differences that remain 
the same throughout the examined developmental stages. 
Distribution of significant differences among the three scans 
A total of 1,070 and 416 non-redundant, statistically significant differences were detected in 
the floret and stage comparisons after combining statistically significant differences from the 
low, medium, and high data sets, respectively. At the 0.001 />value threshold for 
significance, the estimated false discovery rate was below 2% (as calculated using the 
method described by Storey and Tibshirani (2003), for each family of tests). 
Comparisons among statistically significant genes from the low, medium, and high 
data sets revealed that 8 to 14% of the significantly different spots were unique to the low, 
medium, or high intensity scan for the floret and stage comparisons (Figure 3). Furthermore, 
only 32 and 31% of the statistically significant differences were common among all three 
scans for the floret and stage comparisons, respectively. The intersection of the data sets for 
the floret or stage comparisons between the low and medium scan intensities, the medium 
and high scan intensities, and the low and high scan intensities were 39 and 45%, 49 and 
47%, and 35 and 35%, respectively. Statistically significant differences belonging to two of 
the three scan intensities were also identified. In the floret and stage comparisons, 8 and 14% 
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were unique to low and medium scan intensities, 17 and 16% to medium and high scan 
intensities, and 3 and 4% to low and high scan intensities, respectively (Figure 3). 
Using a single-scan approach, 57 to 68% and 63 to 69% of the total non-redundant 
significantly different spots from the low, medium and high combined data set were detected 
in the floret or stage comparisons, respectively (Figure 4). By combining two of the scan 
intensities, 86 to 89% and 86 to 92% of the total non-redundant significantly different spots 
were detected in the floret or stage comparisons, respectively. The addition of a third scan 
resulted in an 11 to 14% increase in the number of statistically significant differences 
detected for the floret comparison and an 8 to 14% increase in the number of statistically 
significant differences detected for the stage comparison (Figure 4). 
p-value comparisons between the low and high scans 
Figure 5 shows a scatter plot of -log base 10 of the stage ^ -values from the high intensity 
scan against -log base 10 of the stage ^ -values from the low intensity scan. Points in the 
upper right quadrant of the plot represent genes whose stage p- values were less than 0.001 
for both the high and low scan data, and points in the lower left quadrant of the plot represent 
genes whose stage p-values were greater than 0.001 for both the high and low scan data. 
Points in the upper left quadrant represent genes whose stage p-values were less than 0.001 in 
the high scan and greater than 0.001 in the low scan, and points in the lower right quadrant 
represent genes whose stage p-values were less than 0.001 in the low scan and greater than 
0.001 in the high scan. Although there is a strong correlation between the two sets ofp-
values, there are many genes for which the high and low intensity scans yield different 
conclusions. 
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Relationship between signal strength and identification of significant differences 
Two genes exhibiting statistically significant differences in the low intensity scan but not the 
high intensity scan (and vice-versa) are presented in Figure 6. The top two plots show the 
normalized log-scale signal intensities from the low and high intensity scans for Gene #4,318 
(GenBank Accession #AI715047). The bottom two plots depict the normalized log-scale 
signal intensities from the low and high intensity scans for Gene #11,036 (GenBank 
Accession #AI891318). The lines in each plot connect pairs of points obtained from a single 
slide. Solid and dashed lines represent slides from the first and second replications of the 
experiment, respectively. To improve clarity of the plots, data from slides corresponding to 
within-stage comparisons of floret types have been omitted from the top two plots, while data 
from slides corresponding to within-floret comparisons have been omitted from the bottom 
two plots. For the top two plots, stages 1 to 6 are: meiocyte, dyad/tetrad, tetrad, early 
microspore, mid microspore, and mid/late microspore. In the top two plots, data from the 
low intensity scan provides strong evidence of an increase in expression at stage 4 (stage p-
value=0.00038), while data from the high intensity scan provides little evidence of a 
statistically significant difference among stages (stage/>-value=0.33995). Gene #4,318 
represents a singlet EST that does not hit any existing ESTs or proteins at a le-4 cutoff. 
However, it has a high average signal intensity at each scan intensity; its within-scan average 
signal across all studied conditions exceeds the within-scan average signal of over 99% of the 
arrayed genes, regardless of the scan intensity considered. 
In the bottom two plots, data from the high intensity scan provides strong evidence of 
differential expression between florets (floret jy-value^O.00029), while data from the low 
intensity scan provides little evidence of a statistically significant difference between florets 
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(floret /?-value=0.11287) due, in part, to the many slides at the bottom of the plot that suggest 
no difference in expression. This gene has a low average signal intensity at each scan level; 
its within-scan average signal across all studied conditions fell below the within-scan average 
signal of over 87% of the arrayed genes, regardless of the scan considered. 
The data for the genes depicted in Figure 6 illustrate a more general phenomenon: 
differential expression in high signal strength genes tends to be more readily detected with 
the low intensity scan than with the high intensity scan, and differential expression in low 
signal strength genes tends to be more readily detected with the high intensity scan. To test 
whether this holds true more generally, the mean expression value for each differentially 
expressed gene (p-value<0.001) detected by each of the low, high, and medium intensity 
scans was plotted. In Figure 7 the mean signal of a gene refers to the average normalized 
log-scale signal of the gene over all three intensity scans and all conditions studied in the 
experiment (an average of 3*96=288 values). The distribution of mean signal values of 
detected genes decreases as the scan intensity increases. This indicates that the significantly 
different genes identified by the low intensity scan tend to be have a higher signal strength 
than significantly different genes identified by the medium intensity scan, and that the 
significantly different genes identified by the medium intensity scan tend to have higher 
signal strength than significantly different genes identified by the high intensity scan. 
Only significantly different genes withp-values less than or equal to 0.001 were 
selected in Figure 7. However, the trend depicted in Figure 7 persists for a variety of other 
criteria for differential expression, including /7-value thresholds ranging from 0.0001 to 0.05 
and gr-value thresholds (Storey and Tibshirani, 2003) ranging from 0.01 to 0.05 (data not 
shown). 
68 
Figure 8 shows the relationship between the mean signal across all experimental 
conditions in the high and low intensity scans for all of the genes on the microarray. The 
vertical trend in the lower left corner of the plot indicates that the high intensity scan detected 
much more variation among the genes with the lowest signal strength. The horizontal trend 
in the upper right corner of the plot indicates that the low scan detected greater variation 
among the genes with the highest signal strength. This latter trend is primarily due to 
saturation of spots associated with high-signal genes scanned at high intensities. The plot is 
consistent with the idea that low intensity scans will provide better resolution of detecting 
differential expression among high signal genes while high intensity scans will provide better 
resolution for detecting differential expression for genes with lower signal levels. 
Fold-change estimates vary between scans 
In the floret comparison 1,070 statistically significant differences (p=0.001) were identified 
in the combined low, medium, and high intensity scan data sets, whereas the intersection of 
these data sets comprised 339 spots. To investigate the consistency of fold-change estimates 
between scan intensities for each of these 339 genes, the average fold change was calculated 
across the three scans and separately compared to corresponding fold changes observed in 
the low, medium, and high intensity scans. The calculated fold changes in the low, medium, 
and high intensity scan data sets were higher than the average fold change for 79%, 39%, and 
20% of the spots, respectively. This indicates that on average low intensity scans yield 
higher apparent fold changes than high intensity scans. 
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DISCUSSION 
DNA microarray experiments are an effective method for simultaneously comparing the 
relative expression levels of thousands of transcripts between two RNA samples. Since these 
experiments are multi-faceted and highly complex, researchers are faced with many 
decisions, including determining the most efficient method to extract meaningful data. One 
often-overlooked aspect of microarray experiments is data acquisition. Most protocols 
recommend scanning at laser settings that decrease the number of saturated spots. While this 
approach captures a subset of the statistically significant differences, it potentially excludes 
genes on the basis of signal intensity. By conducting separate analyses of data obtained 
using different scan intensities, we have demonstrated that no one scan intensity will be 
optimal for all genes. Each scan intensity identified a unique set of statistically significant 
differences in gene expression; only approximately one-third of the statistically significant 
differences were detected in all three scan intensities (Figure 3). By combining the 
statistically significant data sets of three of the scan intensities, 30 to 40% and 10 to 15% 
more statistically significant differences are detected than single scan intensity and double 
scan intensity approaches (Figure 4). Furthermore, the low intensity scan tended to identify 
high signal strength genes, whereas the high intensity scan tended to identify the low signal 
strength genes (Figures 7 and 8). 
Signal detection for low signal strength spots is a limiting factor for the detection of 
statistically significant differences in microarray experiments (Duggan el al., 1999). 
Furthermore, low signal strength spots often exhibit pixilation, which contributes to 
variability (Romualdi et al., 2003). These low signal strength spots would be expected to be 
prevalent in the low intensity scans (Figure la). However, as scan intensity increases, the 
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proportion of low intensity spots decreases (Figures lb and lc). The observation that the 
mean signal of the significantly different spots is inversely related to the scan intensity 
(Figure 7) support the conclusion that high intensity scans can increase the power for 
detecting expression differences in low signal genes. 
Conversely, some spots on the array exhibit high signal intensity relative to the 
majority of the spots. When the signal from these spots becomes saturated for each channel, 
differences in transcript abundance cannot be detected. Therefore, to identify differences in 
gene expression for these spots, it is important to lower the laser settings until the spots are 
no longer saturated. 
One consideration of scanning at multiple intensities is the photo-bleaching effect of 
multiple scans on signal intensity. However, no evidence of photobleaching was observed in 
this experiment (data not shown). Furthermore, results from Romualdi et al. (Romualdi et 
al, 2003) demonstrated that the signal intensity for sets of low (QuantArray intensity value 
of 500) and high (QuantArray intensity value of 40,000) signal strength spots for the Cy5 dye 
varied by less than 5% over eight consecutive scans at the same laser settings for samples 
prepared using aminoallyl dye-coupling procedure. Therefore, the photo-bleaching effect of 
multiple scans on signal intensity would be expected to be negligible. 
Recommendations for researchers using cDNA microarrays 
Although scanning is often overlooked as an important factor for microarray experiments, the 
results presented here demonstrate that scanning parameters can substantially affect the data 
set generated. Unfortunately, many authors fail to report scanning parameters. We, 
therefore, recommend that authors report their scanning parameters. 
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One approach that has been used to select genes of interest from microarray 
experiments is a fold-change cutoff (e.g., >2 fold). We found, however, that fold change is 
often dependent upon scanning intensity. Therefore, a simple fold change cutoff has the 
potential to be misleading. Consistent with this conclusion, at many journals the fold change 
selection method is being supplanted by tests of statistical significance (Raikhel and 
Somerville, 2004). 
Scanning at multiple intensities is a cost-effective method for extracting additional 
information at a minimal cost. We, therefore, encourage researchers using microarray s to 
scan at multiple intensities because no one scan intensity can be expected to maximize the 
power to detect differential expression for genes of varying signal strength. Although the 
scan intensity levels and analyses described here were useful for identifying differential 
expression in genes of varying signal strength, development of an optimal scanning and data 
analysis strategy remains an area for further investigation. 
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FIGURE LEGENDS 
Figure 1. Representative examples of low, medium, and high-intensity scans. Three images 
were acquired from the same array by scanning in ascending order of laser power and PMT 
gain to generate the low (Panel A), medium (Panel B), and high (Panel C) intensity scans. 
False-color images generated by the ScanArray software are shown based on signal intensity. 
The false-color scale, in ascending order of signal strength, is: black (no detectable signal), 
blue, green, yellow, orange, red, and white (saturation). 
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Figure 2. Distribution of the stage ^ -values for the medium-intensity scan. The 
overabundance of genes with statistically significant differences for the small ^ -values 
indicates that many genes are differentially expressed across stages. 
Figure 3. Determination of the extent of overlaps among the low-, medium-, and high-
intensity scans. The three circles indicate the subsets of statistically significant differences 
identified by the low-, medium-, and high-intensity scans for the floret (A) and stage (B) 
comparisons. The numbers within the circles represent the percent of the non-redundant, 
statistically significant differences identified by each scan type. For the floret and stage 
comparisons, a total of 1,070 and 416 non-redundant, statistically significant differences 
were identified at p=0.001, respectively. 
Figure 4. The number of statistically significant differences that can be detected increases 
when the data sets from multiple scan intensities are combined. Scan intensities are: L=Low, 
M=Medium, H=High. 
Figure 5. Comparison of the stage ^ -values from the high- and low-intensity scans. Points 
represent individual spots. Points in the upper right quadrant are statistically significant 
(p<0.001) for both the low- and high-intensity scans, points in the lower left quadrant are not 
statistically significant for either scan, points in the upper left quadrant are statistically 
significant for the high-intensity scan but not the low-intensity scan, and points in the lower 
right quadrant are statistically significant for the low-intensity scan but not the high-intensity 
scan. 
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Figure 6. Detailed examination of the signal intensity of two genes observed at low or high 
scan intensities. Gene #4,318 was statistically significant for the low (A), but not the high 
(B), intensity scan in the stage comparison. Gene #11,036 was statistically significant in the 
high (D), but not the low (C), intensity scan in the floret comparison. Normalized expression 
for the statistically significant genes is plotted against either stage (A and B) or floret (C and 
D). Note that different scales were used on the vertical axes in C and D to obtain sufficient 
resolution for viewing the patterns in each plot. 
Figure 7. Mean signal distribution for genes withp-values < 0.001 for the low-, medium-, 
and high-intensity scans for the stage (A) and floret (B) comparisons. Mean signal was 
calculated by averaging expression values of each statistically significant gene over all three 
intensity scans and all conditions studied in the experiment (an average of 3*96=288 values). 
Figure 8. A comparison of the mean signal for all genes on the microarray between the 
high- and low- intensity scans across all experimental conditions. The mean signal levels are 
lowest at the intersection and highest at the right of the x-axis and top of the y-axis. 
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ABSTRACT 
The maize spikelet contains two florets, each of which contains three anthers. 
Morphologically, the anthers in the upper and lower florets proceed through the same 
developmental program. Even so, recent research has suggested that a few genes are 
differentially expressed in the upper and lower floret anthers. To test for global differences 
in gene expression between these anthers and to identify genes that are coordinately 
regulated during development, RNA isolated from upper and lower floret anthers at six 
developmental stages was used to hybridize cDNA microarrays. Approximately 9% of the 
tested genes exhibited statistically significant differences in gene expression between anthers 
in the upper and lower florets. This suggests that several basic biological processes are 
differentially regulated between upper and lower floret anthers, including photosynthesis, 
translation, and metabolism. To identify genes that are coordinately regulated during anther 
development, cluster analyses were performed. A variety of patterns of gene expression 
were observed. Five genes involved in programmed cell death (PCD) were up-regulated 
during the early microspore stage, the time at which the tapetum begins to degenerate. This 
finding strongly supports the hypothesis that tapetal degeneration occurs via PCD. In 
addition, a large number of genes involved in protein synthesis exhibited differential 
expression patterns during anther development. 
INTRODUCTION 
Male gametophyte development is a highly coordinated process that requires interactions 
between sporophytic and gametophytic anther tissues. In maize anthers, these interactions 
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have been extensively studied at the morphological level, and anther development has been 
shown to proceed through a series of well-defined developmental stages consisting of two 
processes, microsporogenesis and microgametogenesis (reviewed in Homer and Palmer, 
1995; Wise et al., 1999). Microsporogenesis is divided into seven stages and begins with the 
sporogenous mass stage, which is defined as the first stage in which all of the anther tissues 
become distinguishable. This stage is followed by the meiocyte, dyad and tetrad meiosis-
encompassing stages. During these stages, the innermost cell layer in the anther wall (i.e., 
the tapetal cell layer) undergoes a number of striking changes, including increases in 
cytoplasmic RNA and proteins (Homer and Palmer, 1995). At the meiocyte stage, the 2C 
sporogenous mass cells secrete callose walls interior to their primary walls, which disrupts 
the direct connection between the developing microspores and the tapetum. This is followed 
by the dyad (meiosis I) and tetrad (meiosis II) stages, ultimately producing four haploid 
microspores. At the early microspore stage, the tapetum begins to degenerate (Warmke and 
Lee, 1977), and it has been hypothesized that tapetal degeneration is regulated by 
programmed cell death (PCD) (Wang et al., 1999). During the mid microspore stage the 
microspores continue to enlarge, their walls become even thicker, and their small vacuoles 
fuse into a large vacuole. The late-microspore stage marks the end of microsporogenesis. 
The remaining three stages (early, mid, and late pollen) encompass microgametogenesis and 
culminate in the production of mature pollen complete with energy reserves to be consumed 
during pollination. 
Genes whose steady-state transcript or protein levels accumulate in a stage-specific 
fashion have been identified in several species. For example, in maize P-glucanase that 
accumulates after the tetrad stage liberates the developing microspores from their callose 
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walls (Steiglitz, 1977), pectin levels in developing Lilium anthers increase after meiosis and 
become maximal at the early microspore stage (Aouali et al, 2001), and serine protease 
activity protease peaks in developing Lilium anthers (DeGuzman and Riggs, 2000) at the 
tetrad stage (Taylor et al., 1997). Similarly, a tobacco calcium/calmodulin-dependent protein 
kinase increases in accumulation during meiosis and peaks at the tetrad stage (Poovaiah et 
al., 1999). 
In grasses, anthers develop within a reproductive structure called a spikelet. A maize 
spikelet contains two floral compartments, the upper and lower floret, each of which houses 
three anthers. Anthers in the upper and lower florets proceed through same developmental 
stages and are identical at the gross anatomical level, with the exception that the lower floret 
is developmental^ delayed by two to three days with respect to the upper floret (Hsu et al., 
1988; Hsu and Peterson, 1991). Even so, two reports suggest that the upper and lower floret 
express different sets of genes. First, transcripts from two MADS box genes, ZMM8 and 
ZMM14, were only detected in the upper floret during spikelet development (Cacharrôn et 
al., 1999). Second, Liu et al. (2001) showed that in plants that are homozygous for rf2a 
mutant alleles anther development is arrested in the lower floret, while the anthers in the 
upper floret develop normally. 
To test the hypothesis that upper and lower floret anthers exhibit different patterns of 
gene expression at the same stage of development and to better understand biological 
processes that occur during anther development, gene expression profiles from upper and 
lower floret anthers at six developmental stages were compared using cDNA microarrays. 
Statistical analyses comparing the upper versus lower floret anthers identified 1,070 genes 
from thirteen functional categories that are differentially expressed. A number of basic 
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biological processes were differentially regulated by floret, including photosynthesis, 
translation, and metabolism. In addition, cluster analyses of developmental expression 
patterns identified sets of genes with specific profiles, including stage-specific, up-regulated 
early in microsporogenesis, and up-regulated late in microsporogenesis. Five genes involved 
in programmed cell death (PCD) were up-regulated at the time the tapetum (i.e., the early 
microspore stage) begins to degenerate. This finding strongly supports the hypothesis that 
tapetal degeneration occurs via PCD. In addition, a large number of genes involved in 
protein synthesis exhibited differential expression patterns during anther development. 
RESULTS 
Maize spikelets contain two floral compartments, the upper and lower florets (Figure 1). 
Each floret typically contains three anthers and proceeds through the same developmental 
stages, with the exception that the anthers in the lower floret are delayed by two to three days 
with respect to the anthers in the upper floret (Hsu et al., 1988; Hsu and Peterson, 1991). The 
anthers in the upper and lower florets appear to be identical at the gross anatomical level. 
However, anthers in the lower floret of rf2a mutants arrest in anther development while the 
anthers in the upper floret appear normal (Liu et al., 2001). This result led us to hypothesize 
that gene expression in anthers at the same stage of development differs between the upper 
and lower floret. To test this hypothesis and to gain a better understanding of processes that 
occur during anther development, anthers from six developmental stages and both florets 
were collected. Two gene expression comparisons were performed: 1) A direct comparison 
between the upper and lower floret at each of the six developmental stages, and 2) A time-
course experiment across the six developmental stages for both florets (Figure 2). 
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To conduct the gene expression profiling experiments across development, it was 
necessary to be able to isolate RNA from anthers of defined developmental stages. To 
determine whether the anthers for the desired stages were synchronized, whole spikelets were 
fixed, embedded, and sectioned through both the upper and lower floret. All three anthers 
were synchronized within a floret for the meiocyte, dyad/tetrad mixture, tetrad, early 
microspore, mid microspore, and mid/late microspore stages (data not shown). This 
synchrony allowed us to stage one anther from a floret and to isolated RNA from the two 
remaining anthers. These RNA samples were amplified (Nakazono et al., 2003), labeled and 
used for microarray experiments. 
Experimental setup 
The outline for the cDNA microarray comparisons for one biological replicate is shown in 
Figure 2. The arrows between the upper and lower floret samples at the same stage represent 
comparison 1 (floret comparison experiment) and the arrows between the six stages represent 
the comparison 2 (time-course experiment). The setup for biological replicate 2 is identical 
to that illustrated in Figure 2, with the exception that the dye labeling is reversed for the time 
course experiments to create a pseudo-dye swap. Therefore, in this 48-chip cDNA 
microarray experiment, each RNA sample was hybridized four times per biological replicate, 
and each stage was hybridized and quantified a total of eight times. 
To extract additional information from the microarray experiment, a multiple scan 
strategy was utilized (Skibbe et al., submitted). Briefly, data from three quantitatively 
defined scan levels (low, medium, and high) were acquired, quantified, normalized, and 
statistically analyzed using a mixed model approach (Wolfinger et al., 2001). When the 
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statistically significant data sets were combined, an additional 30-40% of statistically 
significant differences were identified as compared to a single scan approach (Skibbe et al., 
submitted). 
The upper and lower floret anthers exhibit differential patterns of gene expression 
To test the hypothesis that anthers in the upper and lower floret exhibit different patterns of 
gene expression at the same stages of development, direct comparisons were performed on 
anthers from the upper and lower florets. To identify genes with statistically significant 
differential expression based on floret (i.e., floret main effect), the data from all of the stage 
comparisons for each floret were combined and a p-value was calculated, where p-floret is 
the p-value for the test whose null hypothesis is that gene expression is the same in both 
florets. This combinatorial approach draws strength from both the number of arrays (48) and 
the total number of measurements (96) to provide a precise p-value for an individual spot in 
this comparison. At the p=0.001 level of significance 1,070 genes exhibited significantly 
different levels of expression in the upper and lower florets (with a false-positive discovery 
rate of less than 2%); up-regulated genes were evenly distributed between the upper and 
lower florets (549 vs. 521). 
Semi-quantitative RT-PCR confirmation of differences between the upper and lower floret 
While gene expression profiling experiments are useful for identifying statistically significant 
differences, it is essential to verify these results using an independent method. To verify a 
sample of the results from the upper versus lower floret comparison, semi-quantitative RT-
PCR was conducted on non-amplified RNA from upper and lower florets. Intron-spanning 
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primers were designed to amplify transcripts from genes identified in the microarray 
experiment as being up-regulated in the upper floret relative to the lower floret. The amount 
of template for the semi-quantitative RT-PCR was determined by testing each primer pair 
against several concentrations of reverse transcribed RNA from anthers (Figure 3). The beta-
6 tubulin gene, which did not accumulate to significantly different levels in the upper and 
lower florets, was used as the control primer pair for these experiments. For five primer pairs 
(and the beta-6 tubulin control primer pair) the amount of amplification product was 
proportional to the amount of template, demonstrating that PCR was in the linear range 
(Figure 3). The accumulation of transcripts as determined by semi-quantitative RT-PCR for 
these five primer pairs confirmed that for each gene, the up-regulation in the upper floret 
relative to the lower floret is consistent with the microarray experiments. As such, these 
experiments provide evidence that the microarray experiments correctly identified genes that 
are differentially expressed between the upper and lower florets. 
Several functional categories are differentially regulated by floret 
To examine functional differences identified in the floret comparison, the cDNA sequence 
from each of the 1,070 statistically significant genes was compared against protein and 
nucleotide databases using the basic local alignment search tool (Altschul et al., 1990; 
Altschul et al., 1997). The genes were then classified into one of thirteen functional 
categories (Table 3; Materials and Methods). All thirteen categories were represented in both 
florets. However, the distribution of the up-regulated spots revealed that the spots are not 
evenly distributed between the two florets. In fact, seven categories (metabolism, energy, 
protein synthesis, protein destination and storage, transporters, signal transduction, and 
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transposons) have 1.5 or more times the number of up-regulated spots as compared to the 
other floret, pointing to a marked diversity between two seemingly identical floral 
compartments. Some of these differentially regulated genes and their possible relationships 
to anther development are discussed below. 
Basic biological processes are differentially regulated by floret 
The photosynthetic conversion of solar energy into chemical energy occurs via a series of 
reduction-oxidation reactions controlled by multi-protein complexes, two of which are 
Photosystem I (PSI) and Photosystem II (PSII). In eukaryotes, the PSI core complex 
contains 14 subunits and a light-harvesting complex (LHCI) with four subunits (reviewed in 
Chitnis, 2001; Scheller et al., 2001). While much is known about the structures and 
functions of many of the subunits, relatively little is known about the developmental or 
environmental conditions that regulate their expression. In this study, different sets of 
photosynthesis-related genes (Energy functional class) were up-regulated in each floret. Six 
proteins with various functions in photosynthesis were found to be up-regulated in the lower 
floret, relative to the upper floret (Table 3). These included three subunits of PSI (PSI-J, 
PSI-K, and PSI assembly protein YcG), a chlorophyll a/b-binding apoprotein CP24 
precursor, a light-harvesting chlorophyll a/b binding protein, and cytochrome b&f complex 
iron-sulfur subunit 1. In the upper floret, three photosynthetic proteins were up-regulated 
relative to the lower floret. These were PSI-L, PSII-W, and a different chlorophyll a/b 
binding protein (Table 4). 
Another functional class of genes up-regulated in the upper floret was metabolism. 
Eleven genes involved in sugar metabolism, six involved in lipid metabolism, and four 
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involved in nitrogen metabolism were preferentially expressed in the upper floret (Table 4). 
A delicate balance exists in cells between protein synthesis and degradation, and the 
proper coordination of these events is essential for survival. Proteolysis (Protein destination 
and storage functional class) can occur as a result of protein misfolding, the inability of a 
protein to function properly, the need for carbon and nitrogen recycling, or developmental or 
environmental signaling events (reviewed in Sullivan et al, 2003). In plants, the 
ubiquitin/26S proteasome pathway plays an important role in controlling proteolysis and 
plant development (Vierstra, 1996; Hellmann and Estelle, 2002; Vierstra, 2003). In 
Arabidopsis the accumulation of the AP3 and PI floral development transcription factors is 
controlled by the UFO, which encodes and F-box protein hypothesized to form the ubiquitin-
E3 component of the proteasome pathway (Samach et al., 1999; Zhao et al, 2001). In the 
upper floret, 18 different components involved in the ubiquitin/26S proteasome pathway 
were up-regulated, including an F-box protein, three different ubiquitin conjugating enzymes, 
and several 26S proteasome protein subunits (Tables 2 and 3). 
Genes involved in protein synthesis were also differentially regulated between the 
upper and lower floret anthers. More specifically, 15 ribosomal proteins (RPs) were 
differentially expressed, with thirteen being preferentially expressed in the lower floret and 
two in the upper floret (Tables 2 and 3). This finding suggests that protein translation is 
differentially regulated between the upper and lower florets. 
The most highly represented class of up-regulated genes for both the upper and lower 
florets was that with unknown or unclassified function (Table 1). These genes represented 
60 and 67% of the total statistically significant differences in the upper and lower florets, 
respectively, a frequency that is similar to the frequency of genes with unknown or 
92 
unclassified function on the chip (i.e., 63%). The observation that these previously 
unassigned genes are differentially regulated in the anthers of the upper and lower florets 
provides a clue that might help elucidate their function. 
Identification of coordinately expressed genes through cluster analysis 
Gene expression profiling also was used to identify genes that differ in expression during 
anther development. Many genes (n=416) were differentially regulated across stage even at 
the highly stringent p=0.001 level of significance. To identify sets of genes with similar 
expression patterns across development, ap=0.05 level of significance was used. While the 
larger p-value somewhat increases the percent of false-positives relative to a p-value of 0.001 
(6.9, 3.2 and 5.0 versus 1.9, 0.8 and 1.4% for the low, medium and high scans, respectively), 
it also significantly increases the size of the data set. We consider this an acceptable trade­
off in this experiment, where the goal was to identify genes with similar expression patterns 
during anther development, rather that to test the hypothesis that gene expression varies 
during anther development. 
To identify genes that exhibited similar patterns of gene expression during 
microsporogenesis, genes with p-values less than 0.05 for at least one of the five adjacent 
stage to stage comparisons (n=4,438) were clustered independently for the low and high scan 
intensity data sets using the K-means technique (Baldi and Brunak, 2001). For each scan 
intensity (i.e., low and high) 40 clusters were generated (80 clusters total, on-line 
supplement) to provide a reasonable number of genes per cluster. Several cluster types were 
readily identifiable upon visual examination, including stage-specific, down-regulation at the 
early microspore stage, increasing expression throughout development and decreasing 
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expression throughout development (Figure 4; Table 5). 
Tetrad up-regulated genes 
The tetrad stage of development encompasses meiosis II. During this stage, two additional 
callose walls are deposited to separate the four nuclei and completely surround each 
developing microspore. In addition, anthers elongate during this stage. Two clusters with 
peak expression at the tetrad stage were identified (Figure 4A; Tables 4 and 5; Clusters 15L 
and 15H). Together, these clusters contained 61 spots, 37 of which had unknown or 
unclassified functions (Table 5). The tetrad clusters included genes with predicted functions 
in secondary metabolism (4-coumarate CoA:ligase), transport (tonoplast water channel 
(ZmTIPl-1), vacuolar protein sorting-associated protein, and a sugar transporter), and 
metabolism (mannose-6-phosphate isomerase and alanine aminotransferase), and protein 
destination and storage (serine carboxypeptidase II-3 precursor, ubiquitin-specific protease 
21, and proteasome subunit alpha type 3) (Table 6). While the precise roles/functions of 
these genes with respect to the tetrad stage of development are not known, their coordinated 
expression pattern suggests that they are filling a developmental need specific to the tetrad 
stage of development. 
Early microspore up-regulated genes 
At the beginning of the early microspore stage, a thin microspore wall forms beneath the 
callose wall, which is subsequently digested. A single pore forms in each developing 
microspore and orients towards the tapetum, which contains both uni- and bi-nucleate cells, 
and the tapetum begins to undergo programmed cell death (PCD). Several clusters with peak 
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expression at the early microspore stage were identified (Figure 4B; Tables 4 and 5; Clusters 
3L, 5H, 5L, 9L, 19L, 20H, 21H, 21L, 28H, 37H, and 38H and 39L). In combination, these 
clusters contained 712 spots, 439 of which had unknown or unclassified function (Table 5). 
Several genes with peak expression at the early microspore stage were identified whose 
functions are consistent with processes known to be active during the early microspore stage, 
including catalase, superoxide dismutase, peroxidase, defensin (Disease and Defense 
Functional class), and the a- and (3-expansins (Cell structure functional class) (Table 6). 
Secondary metabolites, including pigment molecules, accumulate in developing 
anthers and yellow flavanoids are visible at the mid microspore stage. Many genes involved 
in pigment production reached their peak transcription levels at the early microspore stage, 
including phenylalanine ammonia-lyase, 4-coumarate CoA:ligase (a different spot than in the 
tetrad cluster), o-methyl transferase (OMT), cinnamoyl-CoA reductase, and phytoene 
desaturase (Table 6). 
During anther development, mitochondria are 40 times more abundant in the tapetal 
cell layer than in the surrounding tissue at the early microspore stage (Lee and Warmke, 
1979). The abundance of mitochondria would suggest that anthers at this stage are 
metabolically active. This expectation is supported by the observation that 83 spots in the 
metabolism class were up-regulation at the early microspore stage (Table 5). These spots 
represent a number of basic metabolic processes, including carbon and nitrogen metabolism 
(carbonate dehydratase, glutamine synthetase, alanine aminotransferase), lipid metabolism 
(3-ketoacyl-CoA thiolase and a lipid acyl hydrolase), and sugar metabolism (sucrose 
synthase 1, aconitate hydratase, hexokinase, triosephosphate isomerase, isocitrate 
dehydrogenase, fructokinase 1, and dTDP-glucose 4-6-dehydratase (Table 6). 
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Since developing microspores are metabolically active, it is possible that oxygen (or 
sugar) could become limiting. Under these conditions, the ethanolic fermentation pathway is 
up-regulated to recycle NAD+ for glycolysis (op den Camp and Kuhlemeier, 1997; Tadege 
and Kuhlemeier, 1997; Tadege et al., 1999). Ethanolic fermentation requires three enzyme 
activities: pyruvate decarboxylase (PDC), alcohol dehydrogenase (ADH), and aldehyde 
dehydrogenase (ALDH). In the first step, pyruvate is converted into acetaldehyde by PDC. 
The fate of acetaldehyde is determined by the NAD+/NADH ratio within the cell, where high 
ratios result in acetaldehyde being oxidized to acetate by ALDH and low levels result in 
acetaldehyde being reduced to ethanol by ADH. When NAD+ is available, acetate is 
produced by the sequential oxidation of ethanol to acetaldehyde via ADH and acetaldehyde 
to acetate via ALDH. The ALDH component of ethanolic fermentation (RF2B) was up-
regulated at the early microspore stage (Table 6). Previously, in vitro kinetic analyses 
demonstrated that acetaldehyde is a substrate for RF2B (Liu and Schnable, 2002). 
Furthermore, the expression of the rice RF2B ortholog, was induced by hypoxic treatment 
(Tsuji et al., 2003). Taken together, these results suggest that that in anthers, either oxygen 
or sugar may be limited during the early microspore stage of development. 
During normal anther development, tapetal cells begin to degenerate during the early 
microspore stage (Warmke and Lee, 1977). Due to the highly coordinated timing involved in 
the degeneration of the tapetal cell layer, it has been proposed by Wang et al. (1999) that this 
process is mediated by programmed cell death (PCD), an active process for selectively 
removing cells in response to developmental or environmental cues. While genes regulating 
PCD have been extensively studied in animal systems (reviewed in Reed, 2000), 
identification of their counterparts in plants has been challenging. Recently, Swidzinski et al. 
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(2004) used a proteomic approach to identify 11 proteins (encoded by eight genes) that 
increased in abundance after PCD-inducing treatments. Seven of the eight genes were tested 
on the microarray, and five (catalase 1, superoxide dismutase, voltage-dependent anion 
channel protein 2, lipoamide dehydrogenase, and aconitate dehydrogenase) were identified in 
this study; four of these five (superoxide dismutase, voltage-dependent anion channel protein 
2, lipoamide dehydrogenase, and aconitate dehydrogenase) encode mitochondrial^ targeted 
products (Table 6). This high degree of overlap between the Swidzinski et al. (2004) data set 
and the genes identified in this study, as well as the mitochondria targeting feature, strongly 
support the hypothesis that the degeneration of the tapetum at the early microspore stage of 
anther development occurs via PCD. 
Mid microspore up-regulated genes 
The microspores continue their developmental progression during the mid microspore stage, 
which is characterized by an increase in microspore size, a thickening of the microspore cell 
walls and the coalescence of many small vacuoles into a smaller number of large vacuoles. 
Several gene clusters with peak expression at the mid microspore stage were identified 
(Figure 4C; Tables 4 and 5; Clusters 4H, 4L, 29H, and 38L). These clusters contained 166 
spots, 114 of which had unknown or unclassified function (Table 5). Even though the 
metabolically active tapetal cell layer degenerates further at this stage, the metabolism class 
contained the largest number of functionally assigned spots (21 out 166, Tables 4 and 5). 
One of the mid-microspore up-regulated genes is a beta-keto acyl reductase (glossy8) 
involved in cuticular wax biosynthesis (Xu et al., 1997). While the glossy and eceriferum 
(per) mutants were originally identified by their ability to condition waxless phenotypes on 
97 
juvenile leaves (in maize) and stems (in Arabidopsis), they also play critical roles in other 
facets of plant development, including pollen development (Koornneef et al., 1989; 
Hannoufa et al., 1993; Preuss et al., 1993; Aarts et al., 1995). In maize, RNA gel blot 
analyses have shown that gl8 accumulates steady-state transcripts in the tassel, and GUS 
reporter gene analyses using the gl8 promoter have shown that g 18 is expressed in both the 
anther wall and in developing pollen (Dietrich et al., data not shown). In Arabidopsis the 
cerl, cer3, and cer6 mutants condition male sterility. 
Many transcription factors have been shown to exhibit differential expression patterns 
in developing anthers, including ZmMADSl in early microspores and ZmMADS2 in mature 
pollen and pollen tubes (Heuer et al., 2000) and seven zinc finger proteins that are expressed 
sequentially in petunia developing anthers (Kobayashi et al., 1998). In this study, several 
different classes of transcription factors (Transcription and post-transcription functional 
class) were up-regulated at the mid-microspore stage, including a nuclear-encoded, 
chloroplast-targeted, basic helix-loop helix gene similar to the plastid transcription factor 1, a 
zinc finger transcription factor similar to the rice ZFP30 protein, a putative KNOX family 
class 2 homeodomain protein, and a SCARECROW gene regulator-like protein (Table 6). 
Protein synthesis gene transcription is differentially regulated throughout development 
Several classes of transcription factors exhibit sequential expression during anther 
development, including seven zinc-finger proteins (Kobayashi et al., 1998). These 
observations led to the expectation that genes involved in transcription and/or translation 
would be highly represented in this cluster type. Several clusters were visually identified that 
exhibited a decrease in expression at the early microspore stage of development (i.e., early 
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microspore valley) (Figure 4D, Tables 4 and 6; Clusters 11H, 1 IL, 22H and 35L) or high 
expression in the early stages and low expression in the late stages (Figures 4E and 4F, 
Tables 4, 7 and 8; Clusters OL, 8H, 8L, 22L, and 27H). The early microspore valley clusters 
contained 587 spots, 350 of which had unknown or unclassified function, and the high 
expression early in microsporogenesis clusters contained 417 spots, 233 of which had 
unknown or unclassified function (Table 5). While twelve of the thirteen functional classes 
were identified for these clusters, the majority of the known function genes belonged to the 
protein synthesis class. In the early microspore valley cluster (Figure 4D), 102 spots 
represented 63 different genes involved in protein synthesis (Table 7), while 98 spots in the 
up-regulated early cluster (Figure 4E) represented 60 different genes involved in protein 
synthesis (Table 8). Although all of these genes were involved in various aspects of protein 
synthesis, most of the genes were 40S and 60S ribosomal proteins, as well as other 
miscellaneous ribosomal proteins. 
Gene transcription is up-regulated late in anther development 
As anther development nears the mid and late microspore stages, new metabolic and 
developmental functions are required to meet the needs of the developing microspores. For 
example, the mid and late microspore stages mark a critical developmental transition point 
between microsporogenesis and microgametogenesis, as demonstrated by the pronounced 
changes in the RNA and protein populations (Bedinger and Edgerton, 1990) and in vitro 
protein synthesis patterns (Mandaron et al., 1990) immediately following microsporogenesis. 
Several clusters of genes were identified which increased expression late in 
microsporogenesis (Figure 4F, Table 5; Clusters 2L, 16H, 16L, 18L, 24H, 24L, 26H, 31H 
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and 36H). These up-regulated late in microsporogenesis clusters contained 815 spots, 525 of 
which had unknown or unclassified function (Table 5). All thirteen functional classes were 
represented, and a number of biological processes were identified, including water transport, 
lipid metabolism (Metabolism functional class), pectin modification (Cell structure 
functional class), and metabolism (Table 9). 
Regulation of water transport in cells is essential for plant growth and development 
(reviewed in Schaffner, 1998). In addition to the plasma membrane, several membrane 
proteins have been identified that regulate the transport of water, nutrients, and ions across 
membranes (Chrispeels el al., 1999). The plasma membrane intrinsic proteins (PIPs) of 
maize regulate the movement of water across the plasma membrane. Two subfamilies (PIP1 
and PIP2) have been identified, but only the PIP2 subfamily has been shown to be 
responsible for increasing the water permeability inXenopus oocytes (Fetter et al., 2004). 
However, specific isoform combinations between PIP1 and PIP2 exhibit a synergistic 
relationship to increase water permeability (Fetter et al., 2004). In the up-regulated late 
cluster, ZmPlPl-1 and ZmPIP2-4 were differentially regulated (Table 9; Transporter 
functional class). Therefore, the regulation of water transport across the plasma membrane 
late in anther development may be regulated by these differentially expressed ZmPIP 
isoforms. 
Lipid metabolism plays an important role in pollen development, and deficiencies in 
this process have been implicated in male sterility in Arabidopsis (Koornneef et al., 1989; 
Hannoufa et al., 1993; Preuss et al., 1993; Aarts et al, 1995). Several genes involved in lipid 
metabolism (Metabolism functional class) were up-regulated late in microsporogenesis, 
including genes similar to the Arabidopsis CER1 decarbonylase gene, CUTI condensing 
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enzyme, an acyl-[acyl-carrier protein] desaturase, a lipase homolog, a putative fatty acid 
elongase, and a lipid transfer protein (Table 9). 
By the late microspore stage the tapetal cell layer is highly fragmented. Genes 
similar to the senescence-associated protein 12 from Hemerocallis and a cell cycle control 
crooked neck-like protein were also up-regulated late in anther development (Table 9; Cell 
growth/division functional class). 
DISCUSSION 
Gene expression profiling experiments are an effective method for simultaneously examining 
the expression of thousands of genes. In this study, cDNA microarrays were used examine 
gene expression in developing anthers from two floral compartments at six developmental 
stages. To extract additional biological information at a minimal cost, each array was 
scanned six times, and three quantitatively defined signal strengths (low, medium, and high) 
were selected for statistical analysis. This approach identified an additional 30 to 40% of 
statistically significant differences as compared to a single scan strategy. Analysis of the 
distribution of the statistically significant differences demonstrated that gene expression 
differs between the upper and lower florets. In addition, cluster analysis of these data 
identified large numbers of genes that are coordinately regulated during development. 
Anthers in the upper and lower florets exhibit differences in gene expression patterns 
Differential gene expression between upper and lower florets was tested using a mixed model 
statistical method (Wolfinger et al., 2001) and combined with a calculation to determine the 
false positive discovery rate (pFDR) (Storey and Tibshirani, 2003). At a /?=0.001 level of 
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statistical significance, the 1,070 statistically significant differences, representing 
approximately 9% of the genes tested, were predicted to contain less than 2% false positives, 
and represented each of thirteen functional categories (Table 1). We conclude that although 
the upper and lower florets are morphologically similar, they differ significantly with respect 
to their gene expression profiles. 
Several functional categories (metabolism, energy, protein synthesis, protein 
destination and storage, transporters, signal transduction, and transposons) included a 
disproportionate number of differentially regulated members for one floret. Closer analyses 
of four of these categories (metabolism, energy, protein synthesis, and protein destination 
and storage) revealed an interesting differential regulation of basic biological processes. 
Two of these differences were the opposing processes of protein translation and proteolysis. 
Thirteen RPs were up-regulated in the lower floret, while eighteen different components of 
the ubiquitin/26S proteasome complex were up-regulated in the upper floret. The failure to 
properly coordinate protein translation and proteolysis is likely to have drastic consequences 
on plant development. But because the upper and lower florets both produce viable pollen, 
the coordination appears to be sufficient for this purpose. It is, however, possible that 
deficiencies in the proteolysis machinery could predispose the lower floret to physiological 
perturbations caused by mutations in critical genes (e.g., rf2a). 
Fold change considerations in microarray analyses 
The statistical method applied to this experiment was extremely useful for identifying genes 
with statistically significant differences in gene expression. This approach was selected over 
the fold-change cutoff approach for several reasons, two of which were the subjective nature 
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of fold cutoff selection and the lack of knowledge about the relationship between fold 
changes and biological significance. In addition, fold change calculations should be 
interpreted with caution in a microarray analyses. Skibbe et al. (submitted) investigated the 
relationship between the consistency of the calculated fold change and scan intensity for 339 
genes found to be statistically significant (p=0.001) in all three scan intensities. When the 
average of all three values was compared to the calculated scan intensity at each level, the 
low scan fold change was higher than the average for 79% of the genes, while the high scan 
was lower than the average for 80% of the spots. Therefore, the apparent fold change for an 
individual gene can be influenced by non-biological factors. 
Cluster Analyses of Microarray Data 
To identify genes with similar expression patterns throughout development, the microarray 
data from the developmental time course were clustered using the K-means clustering 
technique (Baldi and Brunak, 2001), and various cluster types were identified, including 
stage-specific, up-regulated early in anther development, and up-regulated late in anther 
development. Selection of an appropriate />-value is an important consideration in microarry 
experiments. Depending on the purpose, the optimal measure differed between experiments. 
For example, the upper versus lower floret study used a very stringent p-value (p<0.001) to 
test whether the upper and lower florets exhibit similar patterns of gene expression, while the 
cluster analyses used a more relaxed />value (p<0.05) because the purpose of the experiment 
was to identify genes with similar expression patterns, rather than test a specific hypothesis. 
Even with the less stringent p-value, the false-positive rate was still less than 7% for both the 
high and low scan intensity data sets. Therefore, we feel that the less stringent p-value used 
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for clustering is a reasonable and fair compromise to increase the number of genes 
participating in the clustering process. 
The majority (approximately 65%) of the clustered genes had either an unknown or 
unclassified function even using a very relaxed BLAST e-value cut-off of e"5. The data from 
the clustering experiments represent a valuable resource for not only better understanding 
anther development but may also facilitate the assignment of functions to these genes with 
unknown functions. We have, however, not yet tested whether this method will prove 
successful. 
Concluding remarks 
The production of viable pollen is essential for propagation of genetic information through 
the male reproductive structure in maize. While much has been published describing 
morphological features and consequences of mutants affecting male fertility, a firm 
understanding of the underlying biological processes that contribute to normal anther 
development in maize does not exist. By analyzing steady state gene expression among 
various stages of anther development and between two floral structures, a benchmark 
describing some of the biological processes and metabolic networks has been established. 
These data represent a valuable resource and an excellent starting point for focusing on target 
genes in the post-genomic era. 
MATERIALS AND METHODS 
Plant Materials and Anther Collection 
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Maize plants of the inbred line Ky21 were grown in the summer of 2001 at the Curtiss 
Research Farm in Ames, IA. The plants used in this experiment had the pedigree numbers 
01-4524, 01-6021, and 01-6024. Tassels were removed from the desired plants, and the 
stems were immediately submerged in water. The tassels were then transported to the 
laboratory (approximately 10 minutes travel time) in an air-conditioned automobile. Upon 
arrival anthers were dissected, staged, and sorted using the following strategy: one anther 
from each floret was squashed and staged using a compound microscope, and the two 
remaining anthers from a floret were immediately frozen in liquid nitrogen. Eight to twenty 
anthers per individual per stage per floret were collected and for the meiocyte, dyad/tetrad, 
tetrad, early microspore, mid microspore, and mid/late microspore stages, and stored at -80°C 
until RNA isolation. Anther collection and dissection was performed between approximately 
9:00 AM and 11:00 AM each morning. The collection dates were 7/23/01 and 7/26/01 for 
01-4524, 7/31/01 and 8/7/01 for 01-6021, and 8/5/01 and 8/9/01 for 01-6024. 
RNA Isolation and Amplification 
RNA was isolated from eight to twenty anthers per each individual using Trizol reagent 
(Invitrogen, Carlbad, CA) as per manufacturer's instructions. Equal amounts of RNA from 
one to four individuals per stage per floret type (i.e., upper or lower) were pooled randomly 
to generate one biological replicate. In total, 24 biological replicates (two biological 
replicates per stage per floret type) were generated. Approximately 100 ng of total RNA 
from each biological replicate were used as starting material for T7-based linear RNA 
amplification, performed as described by Nakazono et al. (2003). Each biological replicate 
yielded between 30 and 50 fxg of amplified RNA (aRNA). 
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Microarray procedures 
A 12,160 element cDNA microarray (Generation II version B) was generated at the Iowa 
State University Center for Plant Genomics (details at 
http://www.plantgenomics.iastate.edu/maizechipA. Fluorescent targets were synthesized and 
hybridized as described at http://schnablelab.plantgenomics.iastate.edu/resources/protocols/. 
Only targets that contained more than 3000 picomoles of cDNA, more than 60 picomoles of 
Cy dye, and more than one dye molecule per 50 bases were used for hybridizations (as 
described in Skibbe et al., submitted). 
Microarray analyses 
Detailed procedures for the microarray analyses can be found in Skibbe et al., submitted. 
The microarray analyses procedures are briefly outlined below. Each microarray chip (48 
total) was scanned six times in ascending amounts of laser power and PMT gain with a 
ScanArray 5000 (Packard, Meriden, CT). Three scans from each chip were selected on the 
based on the median value of the natural log of the signal median for all spots on the slide. 
The values for the low, medium, and high scan intensity data sets were 5.7, 7.2 and 8.7, 
respectively. An R implementation of the lowess normalization method (Dudoit and 
Fridlyand, 2002) was used to normalize the two channels for each combination of slide and 
scan intensity. The lowess normalized data from each scan was used to conduct a mixed 
linear model analysis separately for each of 12,160 spots using a strategy similar to that of 
Wolfinger et al., (2001). 
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Semi-quantitative RT-PCR 
Intron-spanning primer pairs were designed after aligning cDNA sequences to maize 
genomic contigs, i.e., Maize Assembled Genomic Islands (MAGIs) (Emrich et al., 2004, 
http://www.plantgenomics.iastate.edu/maize/) for sixteen genes exhibiting differential 
expression between the upper and lower florets. Each primer pair was tested to determine the 
optimal MgCl] concentration, DMSO requirement, and annealing temperature. Conditions 
were identified that allowed fourteen of the primer pairs to amplify a single amplicon. RNA 
from upper and lower floret anthers at three developmental stages (Dyad/Tetrad, Early 
Microspore, and Mid Microspore) were reverse transcribed with an oligo(dT)i2-i8 primer 
using SuperScriptll Reverse Transcriptase (Invitrogen, Carlsbad, CA) as recommended by 
the manufacturer. Each of the fourteen primer pairs was used to amplify varying amounts of 
cDNA sample (i.e., 0.1 ng, 1.0 ng, and 10 ng) to determine whether PCR was in the linear 
range on a PTC-225 (MJ Research, Waltham, MA) thermal cycler under the following 
conditions: Denature at 94°C for 2 minutes, followed by 36 cycles of 94°C for 30 sec, 57°C 
for 40 sec, and 72°C for 2.5 minutes, with a final elongation at 72°C for 10 minutes. Five 
RNA sample/primer pair combinations were shown to be in the linear range for these 
amounts ofcDNA (D/T, 6776-2271 f+ 6776-3648r; EM, 66746-1226f+ 66746-1660r, 
91597-264f+ 91597-653r, 48220-113f+ 48220-407r; MM, 78434-1318f+ 78434-1736r) 
and the beta-6 tubulin (GenBank Accession LI0633) primer pair (tub6-475f + tub6-979r). 
The GenBank Accession numbers for the cDNAs corresponding to MAGIs 6776, 66746, 
7707, 6101, and 78943 are AI657219, AI855366, AI714736, AW065530, and BG841356, 
respectively. 
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Primers 
All primers were synthesized at Integrated DNA Technologies (Coralville, IA). 
6776-227 If: 5' AG AG AGCCTT C AGGGAG AGG 3' 
6776-3648r: 5' GCATCCAGCTTCCAAATTGT 3' 
66746- 1226f: 5' CACCCTGAACATCACATTGC 3' 
66746-1660r: 5' CCTCAAAATCCTCCACTCCA 3' 
91597-264f: 5' T G AAA AT GGAGGGA ACTT GC 3' 
91597-653r: 5' GTACTACACCCCCGCAGCTA 3' 
48220-113f: 5' ATTCCTT GGCC A ATT AC AC A 3' 
48220-407r: 5' CACAAAGAAGCAAAGCCAAA 3' 
78434-1318f: 5' AACGACGCTGCCAACTCTAT 3' 
78434-1736r: 5' TGTTGCCTGCGTAGGATGTA 3' 
tub6-475f: 5' AGTATGCCACTCCCTTGGTG 3' 
tub6-979r: 5' GGC AC AC AT CAT GTT CTTGG 3' 
Clustering method 
One set of clusters was generated for each data set (low, medium, and high) using the ratio of 
expression between adjacent stages (five comparisons) and the loop stage (one comparison), 
where a total of 4,438 spots with ^ -values less than 0.05 for at least one of the six 
comparisons were included in the clustering process. Since the goal of the clustering 
experiment was to enumerate genes with similar profiles rather than to test a specific 
hypothesis, a less rigorous p-value was selected than in the floret comparison. 
Initial clustering revealed that the loop comparison yielded a very large differential 
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expression value that dominated the clustering process (data not shown). Therefore, this 
comparison was not included in subsequent clustering experiments. The expression ratios for 
the adjacent time point comparisons from the low, medium, and high data sets were gathered 
into data records, where each data record is a fifteen number vector of the form: 
(Lol:2,Lo2:3,Lo3:4,Lo4:5,Lo5:6,Medl:2,Med2:3,Med3:4,Med4:5,Med5:6,Hil:2,Hi2:3,Hi3: 
4,Hi4:5,Hi5:6). Since these data records were used to generate parallel coordinate plots of 
the clusters of gene expression ratios in each clustering, even the data not participating in the 
clustering are still displayed to aid in analysis. 
The K-means clustering technique (Baldi and Brunak, 2001) was used to generate 40 
clusters, a number selected as approximately 1% of the number of statistically significant 
differences. The K-means algorithm functions as follows: A set of randomly selected K data 
items represent the initial cluster centers, and the remaining data items are assigned to a 
cluster with the closest cluster center. Then, the algorithm enters a repeated correction phase, 
which proceeds as follows: The members of each cluster are averaged to locate a new cluster 
center. In this computation the ith value of the cluster center is the average of the ith values 
of its members. The assignment to cluster is then recomputed, and each data record is either 
moved to the cluster whose center it is closest to or left in its current cluster if it is still 
closest to the center of that cluster. This iterative step is repeated until no data records 
change clusters. In this experiment, the K=40 clustering for the microarray data under 
analysis terminated within a few hundred iterations for each clustering. 
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Functional assignment for microarray spots 
One of thirteen functional classes was manually assigned to each of the 1,070 spots that 
exhibited highly significant statistical differences from the floret comparison (p<0.001) and 
to each of the 4,438 spots (p<0.05) used in the cluster analysis. These functional classes are 
those used by the EU Arabidopsis Genome Project (Bevan et al., 1998; reviewed in Bevan et 
al., 1999) and are based on the yeast categories (Mewes et al., 1997) which were originally 
devised for E. coli (Riley, 1993). The categories were metabolism, energy, cell growth and 
development, transcription and post-transcription, protein synthesis, protein destination and 
storage, transporters, intracellular traffic, cell structure, signal transduction, disease and 
defense, transposons, secondary metabolism, and unknown or unclassified function. The 
cDNA sequence associated with each spot was compared to the non-redundant protein 
(blastx-nr) and nucleic acid (blastn-nr) databases using the basic alignment search tool 
(Altschul et al., 1990; Altschul et al., 1997). Functions were inferred based first on similarity 
to proteins with known or predicted functions. For spots without similarity to proteins of 
known function, function was assigned based on similarity to nucleic acid. Spots not 
meeting these criteria were assigned to the unknown function category. Spots with predicted 
function based on protein or nucleic acid similarity were assigned into one of the twelve 
known function categories by first determining the biological pathway based on the gene 
name and reference searches and then using the category breakdown described in Bevan et 
al. (1998) as placement guide. 
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Data availability 
All microarray data associated with these experiments (e.g., raw microarray data, statistically 
analyzed data sets, and clustering results) are available at NCBI's GEO 
(http://www.ncbi.nlm.nih.gov/eeo/). 
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Table 1. Distribution of the significantly different genes among the thirteen functional 
categories based on the up-regulated floret. The percentages of spots per functional class 
are shown in the parentheses. 
Functional Classification Lower floret Upper floret 
Metabolism 24 (4.6) 58 (10.2) 
Energy 12 (2.3) 5 (1.3) 
Cell growth and development 6 (1.2) 4 (0.7) 
Transcription and post-transcription 22 (4.2) 26 (4.7) 
Protein synthesis 18 (3.5) 6(1.1) 
Protein destination and storage 18 (3.5) 35 (6.4) 
Transporters 7(1.3) 13 (2.4) 
Intracellular traffic 4 (0.8) 4 (0.7) 
Cell structure 20 (3.9) 19 (3.5) 
Signal transduction 21 (4.0) 32 (5.8) 
Disease and defense 11 (2.1) 10 (1.8) 
Transposons 4 (0.8) 1 (0.2) 
Secondary metabolism 4 (0.8) 4 (0.7) 
Unknown or unclassified function 348 (67.1) 332 (60.5) 
Totals 519(100) 549 (100) 
Table 2. Summary of genes confirmed by semi-quantitative RT-PCR. 
Putative gene Microarray 
identification BLASTX calculated fold 
Gene ID Accession No. MAGI contig [organism] E Value change 
Putative SEC14 
3243 AI657219 6776 cytosolic factor [Oryza 8E-71 1.64 
sativa] 
6101 AW065530 48220 Unknown or N/A 1.76 
unclassified 
7707 AI714736 91597 P0712E02.27 [Oryza 
sativa] 1E-19 1.54 
o-succinylhomoserine 
8535 AI855366 66746 (thiol)-lyase [Zea 7E-86 1.55 
mays] 
Putative GDSL-motif 
11315 BG841356 78943 lipase/acylhydrolase 1E-18 1.83 
FArabidoosis thaliana! 
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Table 3. Genes preferentially (pcO.OOl) expressed in the lower floret that are discussed in the text. 
The full set is provided in the on-line supplement. 
Gene ID Accession No. Putative Gene Identification [organism] 
BLASTX 
E Value 
543 AI947897 light-harvesting chlorophyll a/b binding protein 2E-57 [Arabidopsis thaliana] 
646 AI977961 chlorophyll a/b-binding apoprotein CP24 precursor [Zea 2E-18 
mavsl 
Energy 1794 AW400000 cytochrome B6-F complex iron-sulfur subunit 1, 3E-75 
chloroolast precursor [Nicotiana tabacuml 
6684 AW231559 photosystem I assembly protein Ycf3 [Zea mays] 4E-16 
10149 AI973487 photosystem I protein-like protein [Oryza sativa] 9E-45 
10311 AW054121 photosystem I subunit IX [Nicotiana tabacum] 1E-06 
2620 BM334344 ribosomal protein L15 precursor, chloroplast[Arabidopsis 1E-37 thaliana] 
2928 AI665644 ribosomal protein L22 [Zea mays] 2E-70 
3814 AI795390 60S ribosomal protein L31 [PERFR] 2E-28 
5169 AI901646 405 ribosomal protein 54 [Zea mays] 1E-40 
5520 AI621860 putative chloroplast 505 ribosomal protein L6 [Oryza 6E-55 
Protein 
sativa 1 
5938 AW216221 ribosomal protein S3 [Zea mays] E-101 
synthesis 6259 AI737104 cytoplasmic ribosomal protein L18 [Oryza sativa] 6E-70 
6775 BG842707 putative 60S ribosomal protein L38 [Oryza sativa] 2E-31 
8526 AI948097 60S ribosomal protein L17 [Oryza sativa] 3E-56 
8697 BM334605 cytoplasmic ribosomal protein L18 [Oryza sativa] 8E-43 
10462 AI461569 60S acidic ribosomal protein P2A [Zea mays] 7E-17 
10654 AW000454 putative 60S ribosomal protein L37a [Oryza sativa] 5E-45 
11165 AI664973 405 ribosomal protein 523 fOrvza satival 2E-76 
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Table 4. Genes preferentially expressed (pcO.OOl) in the upper floret that are discussed in the text. 
The full set is provided in the on-line supplement. 
Function Gene ID Accession No. Putative Gene Identification [organism] 
BLASTX 
E value 
Energy 
4358 
5838 
10535 
photosystem I reaction center subunit XI, 
AI861237 chloroplast precursor (PSI-L)[Hordeum 
vulqarel 
AI734721 Photosystem II protein W-like protein [Oryza 
AI977837 
sativa 1 
chlorophyll a/b binding protein [Oryza 
sativa 1 
2E-44 
1E-57 
6E-43 
Metabolism 
1477 
2228 
3822 
4877 
5025 
5554 
5780 
6103 
6366 
6375 
6668 
6940 
7312 
7745 
8658 
8819 
8875 
9209 
9601 
9693 
9783 
11315 
11466 
11512 
11664 
11912 
BM333731 
BM347878 
AW065491 
BG842888 
AW455729 
AW191412 
AI783244 
AW065480 
BG841418 
BG842140 
AI649665 
AW091483 
AW400065 
AI881727 
BG841124 
AI783202 
AI734774 
AW331262 
AI691380 
AI491581 
BG841720 
BG841356 
AW330957 
AI691435 
BG841083 
AI737228 
lipase-like protein [Oryza sativa] 
cytoplasmic aconitate hydratase [Arabidopsis 
thaliana! 
pyrophosphate-dependent phosphofructo-1 -
kinase-like protein [Arabidopsis thaliana] 
pyrophosphate-dependent phosphofructo-1-
kinase-like protein [Arabidopsis thaliana] 
putative pyrophosphate-dependent 
DhosDhofructo-l-kinase fOrvza sativa 1 
putative aldose reductase-related protein 
[Zea mays! 
glyoxalase II [Oryza sativa] 
citrate synthase [Oryza sativa] 
putative aminotransferase; protein id 
[Arabidopsis thaliana! 
those phosphate isomerase, cytosolic [Zea 
mavsl 
UDP-glucose pyrophosphorylase [Hordeum 
vulqarel 
pyruvate dehydrogenase El beta subunit 
isoform 3 [Zea mays! 
putative aminotransferase [Arabidopsis 
thaliana! 
probable l-acyl-glycerol-3-phosphate 
acyltransferase [Zea mays! 
glycosyl hydrolase family 20 [Arabidopsis 
thaliana! 
pyrophosphate-dependent phosphofructo-1-
kinase-like protein [Arabidopsis thaliana] 
UDP-glucose pyrophosphorylase [Oryza 
sativa 1 
giyceraldehyde 3-phosphate dehydrogenase, 
cytosolic 2 [Zea mavsl 
family II extracellular lipase 1 
(EXLlïïArabidoDsis thaliana! 
alanine aminotransferase [Oryza sativa] 
putative fatty acid condensing enzyme CUTI 
[Oryza sativa 1 
putative GDSL-motif lipase/acylhydrolase 
[Arabidopsis thaliana] 
alanaine aminotransferase 2 [PANMI] 
putative phospholipase [Oryza sativa] 
pyruvate dehydrogenase El beta subunit 
isoform 2 [Zea mavsl 
putative 6-phosphogluconolactonase [Elaeis 
auineensisl 
3E-81 
4E-72 
2E-48 
2E-45 
6E-38 
6E-49 
1E-101 
1E-114 
7E-27 
8E-68 
32-52 
6E-88 
2E-26 
4E-52 
IE-60 
1E-71 
1E-59 
1E-122 
1E-39 
3E-23 
5E-44 
1E-18 
2E-58 
1E-119 
3E-46 
3E-54 
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Table 4. (continued). 
Function Gene ID Accession No. Putative Gene Identification [organism] 
BLASTX 
E value 
Protein 
destination and 
storage 
Protein 
synthesis 
690 
1369 
1988 
2224 
2592 
5333 
6019 
6035 
6342 
6792 
7062 
7272 
7321 
7483 
7967 
8116 
8500 
492 
10262 
BG840711 
AW258025 
AW455693 
BG842754 
BG842782 
AI861625 
BG873879 
BM350355 
BG840753 
BM350652 
AW257929 
AW146727 
AI691423 
BG840908 
AI737834 
AI734717 
AI734392 
AI692072 
AI901956 
F-box protein family [Arabidopsis thaliana] 
ubiquitin-specific protease 3 [Arabidopsis 
thalianal 
proteasome subunit beta type 1 (202 
proteasome alpha subunit F) [Orzya sativa] 
probable 265 proteasome non-ATPase chain 
55a TOrvza sativa 1 
ubiquitin conjugating enzyme [Zea mays] 
probable 265 proteasome non-ATPase chain 
55a [Oryza sativa] 
putative proteasome regulatory non-ATPase 
subunit [Oryza sativa] 
probable 265 proteasome non-ATPase chain 
55a [Oryza sativa] 
putative ubiquitin-conjugating enzyme 
[Arabidopsis thalianal 
ubiquitin-conjugating enzyme 22 [Oryza 
sativa] 
polyubiquitin 2 [Deschampsia antarctica] 
ubiquitin-conjugating enzyme 22 [Oryza 
sativa 1 
ubiquitin-conjugating enzyme OsUBCSa 
[Oryza sativa] 
proteasome subunit beta type 1 (205 
proteasome alpha subunit F) [Oryza sativa] 
ubiquitin-conjugating enzyme 22 [Oryza 
sativa] 
putative ubiquitin-conjugating enzyme 
[Arabidopsis thalianal 
ubiquitin-specific protease 24 [Arabidopsis 
thalianal 
ribosomal protein 510 [Zea mays] 
ribosomal protein L35A [Zea mays] 
42-33 
12-06 
12-100 
62-15 
42-64 
4E-66 
82-38 
42-38 
42-67 
42-83 
32-56 
52-54 
92-42 
42-76 
12-68 
12-48 
52-21 
22-52 
62-18 
Table 5. Distribution of clustered genes among the thirteen functional categories. The percentage of the genes per functional class is in 
shown in parentheses. 
Functional Classification Tetrad peak3 EM Peak6 MM Peakc EM Valley" Up-regulated early6 Up-regulated latef 
Metabolism 7 (11.5) 83 (11.7) 21 (12.7) 37 (6.3) 27 (6.5) 88 (10.7) 
Energy 0 (0) 15 (2.1) 5 (3.0) 5 (0.9) 5 (1.2) 21 (2.6) 
Cell growth and development 0(0) 6 (0.8) 1 (0.6) 2 (0.3) 1 (0.2) 5 (0.6) 
Transcription and post-transcription 0 (0) 18 (2.5) 6 (3.6) 22 (3.7) 15 (3.6) 20 (2.4) 
Protein synthesis 0 (0) 6 (0.8) 0 (0) 102 (17.4) 98 (23.5) 12 (1.5) 
Protein destination and storage 6 (9.8) 52 (7.3) 0 (0) 13 (2.2) 8 (1.9) 28 (3.4) 
Transporters 5 (8.2) 16 (2.2) 6 (3.6) 14 (2.4) 6 (1.4) 26 (3.2) 
Intracellular traffic 0 (0) 2 (0.3) 0 (0) 2 (0.3) 3 (0.7) 2 (0.2) 
Cell structure 1(1.6) 20 (2.8) 0 (0) 12 (2.0) 4 (1.0) 22 (2.7) 
Signal transduction 3 (4.9) 25 (3.5) 7 (4.2) 14 (2.4) 6 (1.4) 33 (4.0) 
Disease and defense 1 (1-6) 13 (1.8) 3 (1.8) 12 (2.0) 8 (1.9) 23 (2.8) 
Transposons 0 (0) 4 (0.6) 0 (0) 0(0) 0(0) 5 (0.6) 
Secondary metabolism 1 (1.6) 13 (1.8) 3 (1.8) 2 (0.3) 3 (0.7) 9(1.1) 
Unknown or unclassified function 37 (60.7) 439 (61.7) 114 (68.7) 350 59.6) 233 (55.9) 525 (64.1) 
Totals 61(100) 712(100) 166 (100) 587 (100) 417 (100) 819 (100) 
EM, early microspore; MM, mid microspore; ^Tetrad peak clusters 15L and 15H; bEM peak clusters 3L, 5H, 5L, 9L, 19L, 20H, 21H, 21L, 
28H, 37H, and 38H and 39L; CMM Peak clusters 4H, 4L, 29H, and 38L; dEM valley clusters 11H, 11L, 22H and 35L; ^Up-regulated 
Table 6. Genes of known function identified in the cluster analyses of tetrad, early microspore and mid microspore peaks discussed in the text.8 
Cluster type Function Gene ID Accession No. p-stagec Putative gene identification [organism] %ange Schan^ "a^  folfchangV wlhange' 
.. 1531 AW000492 15H 0.00511 alanine aminotransferase [Oryza sativa] 5E-94 1.00 1.08 1.64 1.17 0.67 0.70 
e a o ism 5379 AW090847 15L 0.00037 putative mannose-6-phosphate isomerase [Oryza sativa] 1E-80 1.00 2.25 8.33 4.81 1.10 0.99 
Protein 
destination and 
storage 
Secondary 
5292 BM074245 15H 0.02646 proteasome subunit alpha type 3 [Oryza sativa] 2E-17 1.00 1.02 1.44 1.16 0.74 0.66 
7596 BM382060 15H 0.03613 putative serine carboxypeptidase II-3 precursor [Oryza sativa] 1E-31 1.00 1.37 2.68 2.40 1.14 1.31 
11039 AW000515 15H 0.00071 ubiquitin-specific protease 21 [Arabidopsis thaliana] 4E-14 1.00 1.62 5.11 2.90 1.37 1.53 
11039 AW000515 15L 0.00082 ubiquitin-specific protease 21 [Arabidopsis thaliana] 4E-14 1.00 1.87 5.98 3.41 1.46 1.90 
2610 BM349406 15H 0.04495 4-coumarate-CoA ligase 4CL2 [Lolium perenne] 9E-31 1.00 1.35 2.76 1.59 2.56 3.31 
5820 AI665902 15H 0.00189 putative vacuolar protein sorting-associated protein [Oryza sativa] 5E-39 1.00 1.21 1.89 2.20 1.51 1.90 
Transporter 8635 AW400006 15H 0.04083 probable sugar transport protein [Arabidopsis thaliana] 2E-32 1.00 1.14 3.26 1.88 1.12 1.11 
11195 AI920384 15L 0.01043 tonoolast intrinsic protein: ZmTIPl FZea mavsl 7E-42 1.00 4.20 23.99 10.20 3.35 2.56 
Cell 4564 AW042307 5H 0.00197 voltage-dependent anion channel protein 2 [Zea mays] 1E-76 1.00 0.91 1.11 4.53 1.19 0.68 
growth/division 4564 AW042307 5L 0.00046 voltage-dependent anion channel protein 2 [Zea mays] 1E-76 1.00 0.92 1.19 11.03 1.06 0.59 
698 BG840696 28H 0.00972 alpha-expansin [Zea mays] 62-42 1.00 1.06 1.11 1.35 0.77 0.69 
ralt ctrii/*f 1 ira 4858 BG840974 39H 0.01532 beta-expansin 5 [Zea mays] 3E-84 1.00 1.14 1.46 1.82 1.28 1.32 Veil Ml U(-IUI€ 
4858 BG840974 39L 0.03895 beta-expansin 5 [Zea mays] 3E-84 1.00 1.12 1.52 1.95 1.33 1.38 
7561 BM073755 5L 0.01787 putative xyloglucan endo-transglycosylase [Oryza sativa] 3E-49 1.00 2.75 5.12 63.75 14.58 26.48 
2931 AI665586 39H 0.02278 putative CuZn-superoxide dismutase [Populus tremula x Populus 2E-34 1.00 1.17 1.16 1.65 1.30 1.25 
3747 BG841443 9L 0.02565 peroxidase [Zea mays] 52-46 1.00 3.09 5.55 11.73 1.52 1.55 
Disease and 7067 AW257892 39 H 0.00198 catatase [Zea mays] 7E-81 1.00 1.11 1.36 2.00 1.81 1.78 
defense 7067 AW257892 391 0.00504 catalase [Zea mays] 7E-81 1.00 1.23 1.57 2.38 2.07 2.09 
8682 BM378112 39H 0.00269 catatase [Zea mays] 82-26 1.00 1.09 1.48 2.08 2.04 2.11 
8682 BM378112 39L 0.00149 catalase [Zea mays] 82-26 1.00 1.07 1.48 2.48 2.20 2.38 
Energy 7221 AI902104 39L 0.00673 isocitrate dehydrogenase (NADP+) [Eucalyptus globulus] 12-13 1.00 1.03 1.21 1.89 0.97 0.87 
777 AI795416 21H 0.01344 alanine aminotransferase [Oryza sativa] 9E-32 1.00 1.10 1.19 2.67 1.14 0.75 
777 AI795416 21L 0.00631 alanine aminotransferase [Oryza sativa] 9E-32 1.00 1.09 1.21 3.09 1.18 0.71 
1237 AW330819 39 H 0.03168 putative hexokinase [Oryza sativa] 8E-50 1.00 1.10 1.14 1.51 1.28 1.21 
1237 AW330819 19L 0.04297 putative hexokinase [Oryza sativa] 82-50 1.00 1.01 1.10 1.56 1.32 1.25 
2076 AI920330 9L 0.Û0411 rfTDP-glucose 4-6-dehydratase-like protein [Oryza sativa] 2E-15 1.00 1.36 5.41 6.30 1.35 1.54 
2223 BM268839 3L 0.00088 probable carbonate dehydratase, chloroplast [Oryza sativa] 1E-40 1.00 1.47 2.77 103.95 2.98 17.23 
Mirrncrutra 3500 AW155691 39 H 0.04607 putative dihydrolipoamide dehydrogenase precursor [Oryza sativa] 2E-95 1.00 1.29 1.51 1.82 1.40 1.12 rllVI U>pUlC 4103 BM080387 5H 0.01220 putative triosephosphate isomerase [Oryza sativa] 3E-56 1.00 1.88 2.85 6.88 2.80 0.87 
4103 BM080387 5L 0.00090 putative triosephosphate isomerase [Oryza sativa] 3E-56 1.00 1.93 3.47 10.19 1.70 0.95 
4981 AW120358 39H 0.03001 cytoplasmic aconitate hydratase [Arabidopsis thaliana] 2E-32 1.00 1.13 1.26 1.99 1.46 1.13 
4981 AW120358 19L 0.03790 cytoplasmic aconitate hydratase [Arabidopsis thaliana] 2E-32 1.00 0.88 1.02 2.35 1.56 1.14 
5082 AI861176 28H 0.03372 putative lipid acyl hydrolase [Oryza sativa] 4E-09 1.00 0.98 1.26 1.36 0.95 0.89 
6742 BG842040 5H 0.00116 probable carbonate dehydratase [Zea mays] 5E-85 1.00 1.25 1.66 9.73 1.89 4.34 
6742 BG842040 3L 0.00369 probable carbonate dehydratase [Zea mays] 5E-85 1.00 1.50 2.06 16.21 2.74 7.11 
7545 BG841520 5H 0.02486 putative triosephosphate isomerase [Oryza sativa] 1E-64 1.00 1.49 1.68 1.73 1.29 0.88 
Metabolism 7618 AI861486 5H 0.00763 sucrose synthase 1 (Sucrose-UDP glucosyltransferase 1) [Zea mays] 2E-60 1.00 1.07 1.34 5.29 3.30 2.54 
7618 AI861486 5L 0.00603 sucrose synthase 1 (Sucrose-UDP glucosyltransferase 1) [Zea mays] 2E-60 1.00 1.01 1.35 13.34 5.00 3.10 
7765 AI948085 21H 0.00018 3-ketoacyl-CoA thiolase-like protein [Oryza sativa] 7E-12 1.00 1.29 1.24 4.03 2.09 2.03 
7765 AI948085 5L 0.00026 3-ketoacyl-CoA thiolase-like protein [Oryza sativa] 7E-12 1.00 1.28 1.25 4.37 2.23 2.23 
8675 BG842921 39H 0.01779 putative fructokinase 1 [Oryza sativa] IE-54 1.00 0.89 0.84 1.25 0.84 1.00 
9693 AI491581 39H 0.01673 alanine aminotransferase [Oryza sativa] 22-23 1.00 0.96 0.93 1.58 1.01 1.34 
9693 AI491581 211 0.01312 alanine aminotransferase [Oryza sativa] 22-23 1.00 0.98 0.95 1.71 1.05 1.42 
9865 AI734799 20 H 0.04705 mitochondrial aldehyde dehydrogenase RF2B [Zea mays] 22-89 1.00 1.20 1.54 3.73 0.76 1.06 
10159 AW066742 21H 0.01185 alanine aminotransferase [Oryza sativa] 12-36 1.00 0.94 0.92 1.88 1.45 1.28 
10159 AW066742 Î9L 0.00683 alanine aminotransferase [Oryza sativa] 12-36 1.00 0.99 1.00 2.78 1.83 1.56 
10190 BG841985 39L 0.03002 glutamine synthetase [Zea mays] 9E-50 1.00 0.61 0.93 1.55 1.26 1.32 
10344 BE025333 5H 0.00026 probable carbonate dehydratase [Zea mays] 1E-90 1.00 0.91 1.27 9.55 1.43 3.14 
10344 BE025333 3L 0.00056 probable carbonate dehydratase [Zea mays] 1E-90 1.00 0.82 1.27 11.36 1.46 3.92 
10922 BG842228 39 H 0.01835 alanine aminotransferase [Oryza sativa] 9E-22 1.00 0.92 0.85 1.60 0.99 1.29 
10922 BG842228 21L 0.02354 alanine aminotransferase [Oryza sativa] 9E-22 1.00 0.86 0.79 1.59 0.95 1.31 
11138 AI666096 19L 0.00032 sucrose synthase 2 f Sucrose-UDP olucosvltransferase 2) fZea mavsl 2E-18 1.00 1.10 1.13 7.26 1.60 1.29 
Table 6. (continued). 
Cluster type Gene ID Accession No. 
Cluster 
No.b 
p-stagec Putative gene identification [organism] BLASTX Stage 1 fold stages 2 to 1 Stage 3 to 2 Stages 4 to 3 Stages 5 to Stages 6 to 5 E Value changed fo'd change fold change fold change 4fold change fold change 
219 AI 586830 21H 0.01538 phytoene desaturase [Zea mays] 1E-79 1.00 1.16 1.13 2.32 0.96 1.12 
219 AI 586830 21L 0.00799 phytoene desaturase [Zea mays] 1E-79 1.00 1.09 1.11 2.70 0.96 1.08 
588 AI600989 21L 0.03705 o-methyltransferase ZRP4 [Zea mays] 92-36 1.00 1.89 4.10 11.37 2.12 2.53 
2062 AI948376 19L 0.01492 4-coumarate—CoA ligase 4CL2 [Lolium perenne] 8E-49 1.00 1.22 1.28 2.81 2.42 1.18 
Early 5697 AW091091 21H 0.01565 putative cinnamoyl-CoA reductase [Arabidopsis thaliana] 8E-25 1.00 1.03 0.98 1.83 1.33 1.11 
Microspore Secondary 
meta bol is m 5697 AW091091 19L 0.04709 putative cinnamoyl-CoA reductase [Arabidopsis thaliana] 8E-25 1.00 0.71 0.83 2.47 1.58 1.35 Peak 5741 AW091091 21H 0.00856 putative cinnamoyl-CoA reductase [Arabidopsis thaliana] 8E-25 1.00 1.12 1.34 2.73 1.73 1.32 
5741 AW091091 21L 0.02120 putative cinnamoyl-CoA reductase [Arabidopsis thaliana] 8E-25 1.00 1.13 1.47 3.40 1.88 1.37 
5796 AW447887 39H 0.03794 phenylalanine ammonia-lyase [Oryza sativa] 8E-08 1.00 0.62 0.64 1.06 0.63 0.80 
10901 BG841139 28H 0.01069 o-methyltransferase ZRP4 [Zea mays] 1E-95 1.00 1.00 1.33 2.37 1.03 1.16 
10901 BG 841139 21L 0.02309 o-methvltransferase ZRP4 FZea mavsl 1E-95 1.00 0.99 1.36 2.68 1.07 1.18 
Mûhahnl icm 9426 BM080131 4H 0.00279 probable beta-keto acyl reductase [Zea mays] 1E-36 1.00 1.12 1.16 3.17 6.85 4.54 I'lCLoUUliol 11 9426 BM080131 38L 0.00252 probable beta-keto acyl reductase [Zea mays] 1E-36 1.00 1.05 1.01 5.33 30.78 7.92 
Mid 4689 AI734554 4H 0.02049 putative SCARECROW gene regulator-like [Oryza sativa] 9E-20 1.00 1.20 1.42 1.33 2.15 1.37 
Microspore 4689 AI734554 4L 0.04165 putative SCARECROW gene regulator-like [Oryza sativa] 9E-20 1.00 2.68 3.38 1.79 9.51 1.88 
Peak Transcri ption 4890 BM339638 4H 0.00806 bHLH transcription factor PTF1 [Oryza sativa] 6E-26 1.00 1.29 2.10 2.86 6.28 3.18 
ano post-
transcription 4890 BM339638 4L 0.01469 bHLH transcription factor PTF1 [Oryza sativa] 6E-26 1.00 1.84 5.06 8.63 26.93 12.59 
10872 AI901329 38L 0.01478 homeobox gene [Oryza sativa] ÎE-25 1.00 1.51 1.07 5.84 26.02 18.08 
11127 AI714812 29H 0.00258 zinc finaer transection factor ZFP30 TOrvza sativa] 9E-20 1.00 1.06 1.11 1.08 2.30 1.84 
*The full data set is available in the on-line supplement. 
^Clusters are numbered from 0 to 39 followed by the scan intensity used for clustering, where L is Low and H is High. 
bp-stage is the p-value for the test whose null hypothesis is that expression is the same in all stages studied. 
^Stage 1 expression was set to 1.0, and the adjacent stage fold change (e.g., Stage 2) is shown in the Stage 2 to Stage 1 comparison. 
All fold changes across the six stages are relative to Stage 1, where fold changes greater and less than 1.0 are increases and decreases relative to stage 1, respectively. 
N) O 
Table 7. Protein synthesis genes identified in the earlv microspore vallev dusters.' 
BLASTX sta9e 1 stages 2 to 1 Stages 3 to 2 Stages 4 to 3 Stages 5 to 4 Stages 6 to 5 
Gene ID Accession No. Cluster No.* p-stagec Putative gene identification [organism] E Value change^ fold change fold change fold change fold change fold change 
43 AW146648 22H 0.03514 60S ribosomal protein L3 [Oryza sativa] 1E-75 1.00 1.02 0.89 0.64 0.81 0.92 
1138 BM333685 22H 0.04311 ribosomal protein L9 [Thermotoga maritime] 1E-07 1.00 0.95 0.74 0.51 0.55 0.63 
1294 AI770359 22H 0.01877 putative 40S Ribosomal protein [Oryza sativa] 4E-87 1.00 1.02 0.89 0.56 0.67 0.78 
1294 AI770359 11L 0.04908 putative 40S Ribosomal protein [Oryza sativa] 4E-87 1.00 0.93 0.73 0.49 0.52 0.59 
1380 AI461535 22H 0.00854 ribosomal protein L15 [Oryza sativa] 7E-53 1.00 1.05 0.76 0.44 0.51 0.60 
1395 AI941538 35L 0.01678 arginyl-tRNA synthetase [Arabidopsis thaliana] 1E-58 1.00 0.88 0.75 0.51 0.83 0.78 
1430 BG841533 22H 0.04398 putative ribosomal protein S10 [Oryza sativa] 1E-33 1.00 0.98 0.76 0.47 0.59 0.75 
1723 AW225059 22H 0.01897 elongation factor 1 alpha [Saccharum hybrid cultivar CP65-357] 82-65 1.00 1.06 0.89 0.56 0.66 0.72 
1723 AW225059 11L 0.02880 elongation factor l alpha [Saccharum hybrid cultivar CP65-357] 8E-65 1.00 1.00 0.84 0.51 0.61 0.68 
1827 BM333773 22H 0.02868 40S ribosomal protein Sll [Zea mays] 2E-38 1.00 1.07 0.76 0.49 0.51 0.61 
2066 AI948309 11L 0.04235 ribosomal protein Lll-like [Arabidopsis thaliana] 2E-46 1.00 0.97 0.80 0.66 0.85 0.83 
2235 CB351211 22H 0.01382 40S ribosomal protein S21 [Zea mays] 5E-40 1.00 1.04 0.76 0.46 0.48 0.46 
2286 AW042305 35L 0.00169 glycyl-tRNA synthetase [Zea mays] 2E-32 1.00 1.02 0.69 0.34 0.48 0.36 
2311 AW065798 22 H 0.02156 60S ribosomal protein L10 [Oryza sativa] 82-40 1.00 1.08 1.01 0.67 0.85 0.97 
2337 AW090876 22H 0.02978 60S ribosomal protein L9 [Oryza sativa] 1E-52 1.00 0.97 0.69 0.47 0.66 0.68 
2337 AW090876 11L 0.03795 60S ribosomal protein L9 [Oryza sativa] 1E-52 1.00 0.88 0.66 0.47 0.64 0.66 
2391 AI714500 22H 0.01346 putative 40S Ribosomal protein [Oryza sativa] 8E-25 1.00 1.00 0.72 0.41 0.46 0.55 
2470 AI622132 22H 0.00325 ribosomal protein L15 [Oryza sativa] 1E-28 1.00 0.93 0.66 0.38 0.45 0.49 
2543 BG841092 11H 0.01259 ribosomal protein L15 [Oryza sativa] 2E-67 1.00 1.02 0.74 0.48 0.64 0.55 
2543 BG841092 11L 0.01750 ribosomal protein L15 [Oryza sativa] 2E-67 1.00 0.93 0.70 0.49 0.63 0.50 
2577 BG841075 22H 0.01031 40S ribosomal protein S12 [Hordeum vulgare] 6E-67 1.00 1.03 0.74 0.44 0.53 0.66 
2580 BG840990 22H 0.03838 putative phenylalanyl-tRNA synthetase alpha chain [Oryza sativa] 4E-30 1.00 1.14 0.90 0.58 0.75 0.77 
2580 BG840990 11L 0.03988 putative phenylalanyl-tRNA synthetase alpha chain [Oryza sativa] 4E-30 1.00 1.10 0.91 0.59 0.73 0.74 
2924 BG841142 22H 0.01996 putative 40S ribosomal protein S15 [Oryza sativa] 1E-77 1.00 1.10 0.82 0.60 0.52 0.66 
2938 AI966834 22H 0.00920 40S ribosomal protein S21 [Zea mays] 2E-32 1.00 0.99 0.72 0.49 0.49 0.57 
2939 AI966853 22 H 0.03513 elongation factor 2 [Nicotiana tabacum] 3E-67 1.00 1.02 1.01 0.78 0.93 0.97 
2939 AI966853 11L 0.03704 elongation factor 2 [Nicotiana tabacum] 3E-67 1.00 1.05 0.93 0.64 0.87 0.98 
2979 BG873851 22 H 0.00912 30S ribosomal protein S9-like protein [Oryza sativa] 2E-28 1.00 1.07 0.75 0.48 0.50 0.53 
3343 BM080292 11L 0.00177 60S acidic ribosomal protein P0 [Zea mays] 4E-62 1.00 0.84 0.59 0.31 0.40 0.44 
3409 BG842020 22H 0.00980 60S ribosomal protein L3 [Oryza sativa] 7E-81 1.00 0.96 0.76 0.48 0.56 0.67 
3526 AI714422 11L 0.01324 translation initiation factor 4A2 [Zea mays] 52-30 1.00 0.99 0.92 0.56 0.76 0.77 
3692 AI974914 22H 0.00354 40S ribosomal protein S21 [Zea mays] 22-11 1.00 1.03 0.65 0.45 0.48 0.51 
3789 BM079098 22H 0.03298 405 ribosomal protein S10 [Orzya sativa] 7E-17 1.00 1.20 0.91 0.51 0.51 0.58 
3941 AI737045 22H 0.02634 ribosomal protein Lll-like [Arabidopsis thaliana] 1E-65 1.00 1.09 0.85 0.56 0.58 0.63 
3944 AI668183 22H 0.03630 60S ribosomal protein L35 [Arabidopsis thaliana] 1E-42 1.00 0.97 0.68 0.42 0.39 0.48 
4119 BG842775 22H 0.00626 40S ribosomal protein S14 [Zea mays] 5E-62 1.00 1.01 0.86 0.54 0.59 0.65 
4241 AW424592 22H 0.00426 40S ribosomal protein S4 [Zea mays] 8E-56 1.00 1.04 0.97 0.57 0.57 0.68 
4332 AI782965 22H 0.02561 40S ribosomal protein S2 homolog [Arabidopsis thaliana] 2E-86 1.00 0.96 0.93 0.66 0.66 0.73 
4443 BG840934 22H 0.00520 ribosomal protein Lll-like [Arabidopsis thaliana] 3E-75 1.00 1.08 0.82 0.55 0.74 0.72 
4443 BG840934 11L 0.00789 ribosomal protein Lll-like [Arabidopsis thaliana] 3E-75 1.00 1.06 0.80 0.53 0.72 0.71 
4835 AW399972 22 H 0.01121 40S ribosomal protein S10 [Oryza sativa] 6E-38 1.00 1.10 0.76 0.45 0.53 0.61 
5152 AI621481 22H 0.01472 60S ribosomal protein L3 [Oryza sativa] 42-54 1.00 0.96 0.78 0.45 0.60 0.74 
5546 AI901546 22H 0.00219 40S ribosomal protein S21 [Zea mays] 1E-40 1.00 1.04 0.69 0.43 0.51 0.51 
5638 BG842790 22 H 0.00925 putative 60S Ribosomal protein L25 [Oryza sativa] 5E-53 1.00 0.87 0.64 0.44 0.44 0.47 
5786 AW455735 22H 0.04861 40S ribosomal protein S14 [Zea mays] 1E-47 1.00 1.05 0.88 0.57 0.54 0.70 
5967 AI665646 22H 0.01769 40S ribosomal protein S16 [Oryza sativa] 42-46 1.00 1.04 0.67 0.40 0.55 0.80 
6259 AI737104 22 H 0.00853 cytoplasmic ribosomal protein L18 [Oryza sativa] 6E-7O 1.00 0.95 0.76 0.47 0.50 0.53 
6377 BG840820 22H 0.01100 putative 60S ribosomal protein [Sorghum bicolor] 1E-82 1.00 0.93 0.64 0.38 0.50 0.60 
Table 7. (continued). 
Gene ID Accession No. Cluster No.b p-stagec Putative gene identification [organism] 
BLASTX 
E Value 
Stage 1 fold 
change"* 
Stages 2 to 1 
fold change 
Stages 3 to 2 
fold change 
Stages 4 to 3 
fold change 
Stages 5 to 4 
fold change 
Stages 6 to 5 
fold change 
6509 AW054223 22H 0.01370 60S ribosomal protein L7A [Oryza sativa] 22-55 1.00 1.00 0.76 0.52 0.52 0.60 
6746 BG841660 35L 0.00157 elongation factor 1-alpha 1 [Lilium longiflorum] 32-46 1.00 1.06 0.82 0.41 0.65 0.59 
6833 BM378745 22H 0.01997 putative 60S ribosomal protein [Oryza sativa] 1E-35 1.00 0.97 0.72 0.47 0.51 0.55 
6948 AI691755 22H 0.00506 putative ribosomal protein L27 [Oryza sativa] 1E-52 1.00 0.84 0.62 0.44 0.51 0.58 
7046 AI619126 22H 0.01519 40S ribosomal protein S14 [Zea mays] 1E-57 1.00 1.09 0.81 0.56 0.51 0.66 
7286 AW355972 22H 0.04755 40S ribosomal protein S12 [Hordeum vulgare] 42-68 1.00 0.99 0.92 0.66 0.68 0.73 
7414 AI491562 22H 0.02226 60S ribosomal protein L7 [Arabidopsis thaliana] 32-42 1.00 0.96 0.90 0.57 0.61 0.80 
7579 BM341686 22H 0.03175 ribosomal protein L32 [Mercurialis annua] 42-32 1.00 1.01 0.73 0.41 0.38 0.45 
7641 AW120126 22H 0.00984 ribosomal protein L17-1 [Poa secunda] 12-28 1.00 0.93 0.75 0.43 0.55 0.49 
7641 AW120126 11L 0.01148 ribosomal protein L17-1 [Poa secunda] 12-28 1.00 0.87 0.70 0.40 0.52 0.48 
7789 AI622116 22H 0.00821 ribosomal protein L15 [Oryza sativa] 42-67 1.00 0.95 0.66 0.44 0.48 0.56 
7950 BM073883 35L 0.01219 60S acidic ribosomal protein P0 [Zea mays] 52-10 1.00 0.81 0.39 0.18 0.50 0.49 
8122 AI861188 22H 0.01077 ribosomal protein s6 RPS6-2 [Zea mays] 72-49 1.00 0.97 0.84 0.44 0.46 0.59 
8254 AI665562 22H 0.00729 putative 60S ribosomal protein L37a [Oryza sativa] 22-47 1.00 0.99 0.81 0.44 0.46 0.55 
8272 BG842395 22H 0.01925 putative ribosomal protein L19 [Arabidopsis thaliana] 92-18 1.00 0.95 0.95 0.53 0.76 0.87 
8272 BG842395 11L 0.01768 putative ribosomal protein L19 [Arabidopsis thaliana] 92-18 1.00 1.00 0.89 0.52 0.68 0.82 
8469 AI714679 22H 0.00472 40S ribosomal protein S8 [Zea mays] 92-39 1.00 0.93 0.83 0.48 0.53 0.59 
9002 BG841169 22H 0.02639 40S ribosomal protein S13 [Zea mays] 22-57 1.00 0.99 0.83 0.58 0.57 0.65 
9015 AI665561 22H 0.01862 60S ribosomal protein L7 [Arabidopsis thaliana] 42-64 1.00 1.06 0.82 0.53 0.56 0.73 
9153 AI979644 22H 0.00417 putative 60S Ribosomal protein L25 (Oryza sativa] 52-26 1.00 0.98 0.75 0.43 0.42 0.46 
9288 AI947564 22H 0.00672 ribosomal protein L15 [Oryza sativa] 92-38 1.00 0.95 0.70 0.44 0.50 0.56 
9358 AI657292 35L 0.00392 putative methionyl-tRNA synthetase [Oryza sativa] 12-35 1.00 0.98 0.87 0.56 1.07 0.89 
9412 BG841401 22H 0.00923 putative 60S ribosomal protein L27a [Oryza sativa] 12-60 1.00 1.07 0.78 0.41 0.47 0.60 
9531 AI979679 22H 0.01035 40S ribosomal protein S14 [TORRU] 12-10 1.00 0.97 0.73 0.46 0.46 0.59 
9550 AW054215 22H 0.01427 putative 40S ribosomal protein 523 [Arabidopsis thaliana] 22-34 1.00 1.10 1.01 0.76 0.88 0.80 
9738 AI461510 11L 0.00607 60S acidic ribosomal protein P0 [Zea mays] 12-20 1.00 0.96 0.83 0.46 0.57 0.61 
9762 BG842878 22H 0.02016 40S ribosomal protein S24 [Zea mays] 32-61 1.00 0.97 0.80 0.49 0.53 0.66 
9801 BM078529 22H 0.01448 putative 60S Ribosomal protein L25 [Oryza sativa] 72-49 1.00 0.87 0.65 0.47 0.44 0.56 
9828 BG841417 11L 0.02221 putative 50S ribosomal protein L24 [Arabidopsis thaliana] 52-64 1.00 0.97 0.85 0.67 0.84 0.79 
9945 AW091037 11H 0.00359 isoleucine-tRNA ligase-like protein [Arabidopsis thaliana] 12-21 1.00 0.90 0.86 0.62 0.79 0.59 
10017 AI714918 22H 0.02776 L3 ribosomal protein [Lolium perenne] 12-64 1.00 0.94 0.88 0.58 0.70 0.86 
10017 AI714918 UL 0.03173 L3 ribosomal protein [Lolium perenne] 12-64 1.00 0.94 0.72 0.47 0.61 0.82 
10372 AI692059 22H 0.01127 tRNA-pseudouridine synthase [Mesorhizobium loti] 62-07 1.00 0.98 0.82 0.59 0.64 0.70 
10449 AI621838 22H 0.00452 plastid-specific 30S ribosomal protein 3 (PSRP-3) [Hordeum vulgare] 2E-31 1.00 0.91 0.86 0.64 0.70 0.71 
10493 AI491640 22H 0.01888 ribosomal protein S15a homolog [Arabidopsis thaliana] 4E-43 1.00 0.94 0.76 0.52 0.65 0.69 
10493 AI491640 11L 0.04453 ribosomal protein S15a homolog [Arabidopsis thaliana] 42-43 1.00 0.93 0.74 0.48 0.63 0.72 
10910 AW400322 22H 0.03111 60S ribosomal protein L4-B (LI) [Arabidopsis thaliana] 32-71 1.00 0.76 0.55 0.36 0.48 0.57 
10932 BG842214 22H 0.01496 ribosomal protein RL5 [Cicer arietinum] 82-68 1.00 0.87 0.66 0.45 0.48 0.57 
11165 AI664973 11L 0.00667 40S ribosomal protein S23 [Oryza sativa] 22-76 1.00 0.98 0.73 0.38 0.55 0.66 
11308 BG873948 22H 0.00984 ribosomal protein L18a [Oryza sativa] 32-91 1.00 0.90 0.63 0.37 0.46 0.59 
11314 BG841283 22H 0.00506 ribosomal protein L21 [Oryza sativa] 72-44 1.00 0.88 0.70 0.42 0.47 0.55 
11322 BG840990 22H 0.01877 putative phenylalanyl-tRNA synthetase alpha chain [Oryza sativa] 42-30 1.00 1.06 0.86 0.59 0.73 0.74 
11322 BG840990 11L 0.02159 putative phenylalanyl-tRNA synthetase alpha chain [Oryza sativa] 42-30 1.00 1.00 0.78 0.56 0.70 0.71 
11346 BG842214 22H 0.00706 ribosomal protein RL5 [Cicer arietinum] 82-68 1.00 0.88 0.64 0.35 0.42 0.50 
11378 BG873861 11L 0.01339 putative 60S ribosomal protein L36 [Oryza sativa] 22-38 1.00 1.05 0.81 0.42 0.52 0.56 
*The full data set is available in the on-line supplement. 
""Clusters are numbered from 0 to 39 followed by the scan intensity used for clustering, where L is Low and H is High. 
cp-stage is the p-value for the test whose null hypothesis is that expression is the same in all stages studied. 
"Stage l expression was set to 1.0, and the adjacent stage fold change (e.g., Stage 2) is shown in the Stage 2 to Stage 1 comparison. 
All fold changes across the six stages are relative to Stage 1, where fold changes greater and less than 1.0 are increases and decreases relative to stage 1, respectively. 
Stage 1, meiocyte; Stage 2, dyad/tetrad; Stage 3, tetrad; Stage 4, early microspore; Stage 5, mid microspore; Stage 6, mid/late microspore 
Table 8. Protein synthesis nenes identified in the up-rggulated early in microsporoaenesis dusters.' 
Gene ID Accession No. Cluster 
No.b p-stage
c Putative gene identification [organism] BLASTX 
E Value 
Stage 1 fold 
chanqe 
Stages 2 to 1 
fold chanqe 
Stages 3 to 2 
fold chanqe 
Stages 4 to 3 
fold chanqe 
Stages 5 to 4 
fold chanqe 
Stages 6 to 5 
fold chanqe 
250 AI932163 8H 0.01256 60S ribosomal protein L27a [Oryza sativa] 6E-13 1.00 0.91 0.65 0.34 0.43 0.57 
370 BM351683 22L 0.01220 ribosomal protein L35-like [Arabidopsis thaliana] 4E-47 1.00 0.92 0.78 0.43 0.40 0.41 
394 AI861326 8H 0.00688 ribosomal protein L15 [Oryza sativa] 2E-59 1.00 0.99 0.76 0.38 0.51 0.58 
400 AW011684 8H 0.01444 putative ribosomal protein L19 [Arabidopsis thaliana] 2E-20 1.00 1.10 0.83 0.45 0.70 0.89 
440 AW076185 8H 0.00698 putative 60S ribosomal protein [Oryza sativa] 2E-91 1.00 1.05 0.69 0.35 0.49 0.60 
497 BE129824 8H 0.00646 translational elongation factor EF-TuM [Zea mays] 1E-95 1.00 0.96 0.81 0.37 0.46 0.44 
540 AI738268 8H 0.00783 ribosomal protein s6 RPS6-2 [Zea mays] 7E-50 1.00 1.00 0.79 0.38 0.40 0.57 
751 BM379118 22L 0.03523 putative 4OS ribosomal protein S26 [Oryza sativa] 2E-32 1.00 0.92 0.82 0.51 0.35 0.50 
1035 AI967039 8H 0.02231 ribosomal protein S7 [Secale cereale] 2E-59 1.00 1.02 1.05 0.82 0.88 0.92 
1097 BM080737 8H 0.00637 rpS28 [Hordeum vulgare subsp. vulgare] 6E-26 1.00 1.12 0.74 0.33 0.43 0.50 
1110 BM072918 22L 0.00817 40S ribosomal protein S25 [Arabidopsis thaliana] 1E-26 1.00 0.85 0.65 0.46 0.37 0.39 
1380 AI461535 8L 0.01251 ribosomal protein L15 [Oryza sativa] 7E-53 1.00 1.02 0.75 0.44 0.47 0.53 
1473 BG841302 8H 0.00532 rpS28 [Hordeum vulgare subsp. vulgare] 1E-20 1.00 1.13 0.77 0.36 0.50 0.59 
1570 AW120098 22L 0.04453 40S ribosomal protein S13 [Zea mays] 5E-40 1.00 0.83 0.63 0.39 0.42 0.54 
2215 BG873861 8H 0.00892 putative 60S ribosomal protein L36 [Oryza sativa] 2E-38 1.00 1.16 0.90 0.44 0.53 0.57 
2235 CB351211 22L 0.01383 40S ribosomal protein S21 [Zea mays] 5E-40 1.00 0.95 0.71 0.42 0.43 0.43 
2286 AW042305 8H 0.00074 glycyl-tRNA synthetase [Zea mays] 2E-32 1.00 1.10 0.71 0.36 0.51 0.41 
2391 AI714500 8L 0.02147 putative 40S ribosomal protein [Oryza sativa] 8E-25 1.00 0.92 0.68 0.37 0.42 0.49 
2470 AI622132 8L 0.00501 ribosomal protein L15 [Oryza sativa] 1E-28 1.00 0.86 0.64 0.36 0.42 0.46 
2577 BG841075 8L 0.03134 40S ribosomal protein S12 [Hordeum vulgare] 6E-67 1.00 0.96 0.72 0.44 0.52 0.64 
2924 BG841142 22L 0.03273 putative 40S ribosomal protein S15 [Oryza sativa] 1E-77 1.00 0.96 0.67 0.50 0.41 0.49 
2938 AI966834 22L 0.00737 40S ribosomal protein S21 [Zea mays] 2E-32 1.00 0.99 0.75 0.49 0.47 0.54 
2979 BG873851 22L 0.00852 30S ribosomal protein S9-like protein [Oryza sativa] 2E-28 1.00 0.98 0.74 0.47 0.48 0.50 
3343 BM080292 8H 0.00728 60S acidic ribosomal protein P0 [Zea mays] 4E-62 1.00 0.98 0.85 0.53 0.62 0.65 
3367 BG841169 8H 0.01460 40S ribosomal protein S13 [Zea mays] 2E-57 1.00 0.94 0.73 0.42 0.48 0.50 
3409 BG842020 22L 0.03733 60S ribosomal protein L3 [Oryza sativa] 7E-81 1.00 0.92 0.74 0.49 0.54 0.68 
3411 BG842285 27H 0.02744 acidic ribosomal protein Pla [Zea mays] 2E-20 1.00 0.90 0.79 0.40 0.40 0.50 
3692 AI974914 22L 0.00839 40S ribosomal protein S21 [Zea mays] 2E-11 1.00 0.94 0.71 0.45 0.45 0.48 
3814 AI795390 22L 0.02010 60S ribosomal protein L31 [PERFR] 2E-28 1.00 0.98 0.82 0.61 0.65 0.66 
3941 AI737045 22L 0.03127 ribosomal protein Lll-like [Arabidopsis thaliana] 1E-65 1.00 1.01 0.81 0.54 0.59 0.61 
3944 AI668183 22L 0.02931 60S ribosomal protein L35 [Arabidopsis thaliana] 1E-42 1.00 0.97 0.70 0.42 0.36 0.45 
4082 BG841342 22L 0.04074 ribosomal protein S15 [Arabidopsis thaliana] 4E-66 1.00 0.95 074 0.49 0.40 0.48 
4119 BG842775 22L 0.01956 40S ribosomal protein S14 [Zea mays] 5E-62 1.00 0.96 0.76 0.49 0.53 0.58 
4241 AW424592 22L 0.00351 40S ribosomal protein S4 [Zea mays] 8E-56 1.00 0.94 0.79 0.43 0.41 0.48 
4332 AI782965 22L 0.02815 40S ribosomal protein S2 homolog [Arabidopsis thaliana]2E-86 1.00 0.97 0.72 0.45 0.46 0.54 
4494 BG842020 22L 0.02347 60S ribosomal protein L3 [Oryza sativa] 7E-81 1.00 0.89 0.68 0.43 0.55 0.74 
4835 AW399972 8L 0.01410 40S ribosomal protein S10 [Oryza sativa] 6E-38 1.00 1.04 0.72 0.42 0.51 0.57 
4984 AW146896 8H 0.00940 50S ribosomal protein L4 [Arabidopsis thaliana] 7E-64 1.00 0.94 0.84 0.46 0.52 0.53 
5020 AI783219 22L 0.00592 elongation factor 1 gamma-like protein [Oryza sativa] 1E-60 1.00 1.06 0.91 0.54 0.54 0.55 
5152 AI621481 8L 0.01807 60S ribosomal protein L3 [Oryza sativa] 4E-54 1.00 0.90 0.72 0.44 0.59 0.71 
5546 AI901546 8L 0.00464 40S ribosomal protein S21 [Zea mays] 1E-40 1.00 1.01 0.68 0.42 0.49 0.48 
5638 BG842790 22L 0.00940 putative 60S Ribosomal protein L25 [Oryza sativa] 5E-53 1.00 0.85 0.64 0.43 0.43 0.45 
5786 AW455735 22L 0.03514 40S ribosomal protein S14 [Zea mays] 1E-47 1.00 1.00 0.76 0.42 0.41 0.54 
5967 AI665646 8L 0.02371 4OS ribosomal protein S16 [Oryza sativa] 4E-46 1.00 1.04 0.67 0.39 0.56 0.84 
6259 AI737104 22L 0.00557 cytoplasmic ribosomal protein L18 [Oryza sativa] 6E-70 1.00 0.88 0.71 0.41 0.45 0.47 
6377 BG840820 8L 0.01070 putative 60S ribosomal protein [Sorghum bicolor] 1E-82 1.00 0.89 0.61 0.36 0.48 0.60 
Table 8. (continued). 
Gene ID Accession No. Cluster 
No.b p-stagec Putative gene identification [organism] 
BLASTX 
E Value 
Stage 1 fold 
chanqe 
Stages 2 to 1 
fold change 
Stages 3 to 2 
fold chanqe 
Stages 4 to 3 
fold chanqe 
Stages 5 to 4 
fold chanqe 
Stages 6 to 5 
fold chanqe 
6408 BG841155 8H 0.00622 50S ribosomal protein L4 [Arabidopsis thaliana] 7E-11 1.00 0.98 0.80 0.45 0.54 0.51 
6449 BM075760 8H 0.00704 ribosomal S29 -like protein [Arabidopsis thaliana] 2E-12 1.00 1.08 0.75 0.37 0.44 0.56 
6509 AW054223 22L 0.04217 60S ribosomal protein L7A [Oryza sativa] 2E-55 1.00 0.88 0.69 0.47 0.46 0.54 
6642 AI586548 22L 0.00744 putative 40S ribosomal protein S26 [Oryza sativa] 2E-37 1.00 0.87 0.71 0.56 0.51 0.54 
6746 BG841660 8H 0.00111 elongation factor 1-alpha 1 [Lilium longiflorum] 3E-46 1.00 1.06 0.88 0.45 0.70 0.59 
6833 BM378745 22L 0.01999 putative 60S ribosomal protein [Oryza sativa] 1E-35 1.00 0.87 0.66 0.40 0.46 0.52 
6948 AI691755 22L 0.00494 putative ribosomal protein L27 [Oryza sativa] 1E-52 1.00 0.85 0.62 0.40 0.47 0.54 
7283 AW356002 8H 0.00314 rpS28 [Hordeum vulgare] 2E-19 1.00 1.15 0.87 0.39 0.53 0.51 
7286 AW355972 22L 0.01136 40S ribosomal protein S12 [Hordeum vulgare] 4E-68 1.00 1.04 0.74 0.44 0.44 0.50 
7789 AI622116 22L 0.00875 g ribosomal protein LI 5 [Oryza sativa] 4E-67 1.00 0.91 0.60 0.35 0.40 0.46 
7902 BM334108 8H 0.01581 40S ribosomal protein S27 homolog [Zea mays] 3E-38 1.00 1.11 0.79 0.39 0.40 0.49 
8065 AW455717 8H 0.01489 putative 40S ribosomal protein [Oryza sativa] 8E-15 1.00 0.86 0.63 0.39 0.46 0.53 
8122 AI861188 8L 0.00707 ribosomal protein s6 RPS6-2 [Zea mays] 7E-49 1.00 0.93 0.78 0.40 0.43 0.56 
8254 AI665562 8L 0.01360 putative 60S ribosomal protein L37a [Oryza sativa] 2E-47 1.00 0.87 0.64 0.33 0.38 0.47 
8396 AI967225 8H 0.01493 putative 60S ribosomal protein [Oryza sativa] 4E-16 1.00 0.98 0.68 0.35 0.47 0.52 
8469 AI714679 22L 0.00456 40S ribosomal protein 58 [Zea mays] 9E-39 1.00 0.93 0.77 0.45 0.47 0.55 
8697 BM334605 22L 0.00435 cytoplasmic ribosomal protein L18 [Oryza sativa] 8E-43 1.00 0.92 0.75 0.41 0.44 0.55 
8913 AI947511 8H 0.04634 60S ribosomal protein L10 [Zea mays] 1E-06 1.00 1.03 0.86 0.52 0.65 0.75 
9002 BG841169 22L 0.03401 40S ribosomal protein S13 [Zea mays] 2E-57 1.00 0.95 0.79 0.55 0.53 0.66 
9015 AI665561 22L 0.02968 60S ribosomal protein L7 [Arabidopsis thaliana] 4E-64 1.00 1.06 0.75 0.46 0.49 0.66 
9037 BG841302 8H 0.00580 rpS28 [Hordeum vulgare] 1E-20 1.00 1.11 0.73 0.37 0.45 0.57 
9153 AI979644 22L 0.00396 putative 60S Ribosomal protein L25 [Oryza sativa] 5E-26 1.00 0.90 0.74 0.40 0.39 0.43 
9193 AW091303 22L 0.00155 putative 60S ribosomal protein L5 [Oryza sativa] 4E-44 1.00 0.93 0.81 0.44 0.39 0.42 
9288 AI947564 8L 0.01457 ribosomal protein L15 [Oryza sativa] 9E-38 1.00 0.94 0.69 0.42 0.50 0.57 
9323 AI657251 8H 0.01069 Csf-1 [Cucumis sativus] 2E-54 1.00 1.07 0.73 0.39 0.48 0.62 
9412 BG841401 8L 0.00978 putative 60S ribosomal protein L27a [Oryza sativa] 1E-60 1.00 0.96 0.68 0.37 0.42 0.57 
9453 BM332541 8H 0.03439 40S ribosomal protein S27 homolog [Zea mays] 1E-33 1.00 1.02 0.86 0.42 0.46 0.60 
9492 BG842204 8H 0.00376 ribosomal S29-like protein [Arabidopsis thaliana] 2E-26 1.00 1.15 0.75 0.36 0.41 0.54 
9531 AI979679 22L 0.03232 40S ribosomal protein S14 [TORRU] 1E-10 1.00 0.96 0.76 0.48 0.47 0.59 
9762 BG842878 22L 0.02902 40S ribosomal protein S24 [Zea mays] 3E-61 1.00 0.89 0.71 0.43 0.48 0.63 
9801 BM078529 22L 0.02528 putative 60S Ribosomal protein L25 [Oryza sativa] 7E-49 1.00 0.87 0.65 0.45 0.43 0.54 
9883 AI782919 8L 0.04029 60S ribosomal protein L7 [Arabidopsis thaliana] 1E-64 1.00 0.95 0.59 0.12 0.11 0.12 
10021 AI737083 8H 0.01505 putative ribosomal protein L7 [Arabidopsis thaliana] 3E-31 1.00 1.09 0.85 0.50 0.58 0.63 
10372 AI692059 22L 0.03810 tRNA-pseudouridine synthase [Mesorhizobium loti] 6E-07 1.00 1.00 0.86 0.62 0.71 0.76 
10910 AW400322 8L 0.04631 60S ribosomal protein L4-B (LI) [Arabidopsis thaliana] 3E-71 1.00 0.72 0.53 0,34 0.47 0.57 
10932 BG842214 22L 0.02301 ribosomal protein RL5 [Cicer arietinum] 8E-68 1.00 0.85 0.63 0.44 0.46 0.58 
11165 AI664973 8H 0.01608 40S ribosomal protein S23 [Oryza sativa] 2E-76 1.00 0.98 0.90 0.67 0.79 0.82 
11308 BG873948 8L 0.01830 ribosomal protein LI8a [Oryza sativa] 3E-91 1.00 0.87 0.63 0.37 0.45 0.59 
11314 BG841283 8L 0.00632 ribosomal protein L21 [Oryza sativa] 7E-44 1.00 0.83 0.67 0.39 0.46 0.54 
11346 BG842214 8L 0.01309 ribosomal protein RL5 [Cicer arietinum] 8E-68 1.00 0.90 0.60 0.32 0.40 0.50 
11378 BG873861 8H 0.02677 putative 60S RIBOSOMAL PROTEIN L36 [Oryza sativa] 2E-38 1.00 0.91 0.90 0.55 0.66 0.69 
*The full data set is available in the on-line supplement. 
"Clusters are numbered from 0 to 39 followed by the scan intensity used for clustering, where L is Low and H is High. 
cp-stage is the p-value for the test whose null hypothesis is that expression is the same in all stages studied. 
"Stage 1 expression was set to 1.0, and the adjacent stage fold change (e.g., Stage 2) is shown in the Stage 2 to Stage 1 comparison. 
All fold changes across the six stages are relative to Stage 1, where fold changes greater and less than 1.0 are increases and decreases relative to stage 1, respectively. 
Table 9. Genes of known function identified in the up-regulated late in microsporoqenesis clusters that are discussed in the text.8 
Function Gene ID Accession No. 
Cluster 
No b p-stage
c 
Putative gene identification [organism] BLASTX 
E Value 
Stage 1 fold 
rhannpd 
Stages 2 to 1 
fold chanqe 
Stages 3 to 2 
fold chanqe 
Stages 4 to 3 
fold change 
Stages 5 to 4 
fold chanqe 
Stages 6 to 5 
fold chanqe 
781 AW017610 31H 0.04239 senescence-associated protein 12 [Hemerocallis hybrid cultivar] 4E-37 1.00 1.54 1.19 1.80 2.07 3.40 
Cell growth/ 3987 AI622354 16L 0.00033 cell cycle control crn (crooked neck) protein-like [Arabidopsis thaliana] 4E-25 1.00 1.14 1.17 1.53 3.13 5.41 
division 3987 AI622354 26H 0.00075 cell cycle control crn (crooked neck) protein-like [Arabidopsis thaliana] 4E-25 1.00 1.21 1.19 1.47 2.84 3.74 
4153 BM340521 31H 0.04945 senescence-associated protein 12 [Hemerocallis hybrid cultivar] 1E-10 1.00 1.40 1.08 1.57 1.91 2.75 
1477 BM333731 36H 0.03859 lipase-like protein [Oryza sativa] 3E-81 1.00 1.04 0.96 1.38 1.68 1.36 
1499 BM341648 2L 0.02158 very-long-chain fatty acid condensing enzyme (CUTI) [Arabidopsis thaliana] 3E-34 1.00 0.80 0.89 1.09 1.39 2.16 
2712 AW120195 16L 0.00517 putative lipase homolog [Oryza sativa] 1E-65 1.00 0.96 0.96 1.38 3.17 4.84 
2712 AW120195 26H 0.00407 putative lipase homolog [Oryza sativa] 1E-65 1.00 1.13 1.05 1.25 2.66 3.82 
Metabolism 
4907 
4907 
BM073988 
BM073988 
16L 
31H 
0.00028 
0.00115 
putative CER1 [Oryza sativa] 
putative CERl [Oryza sativa] 
1E-35 
1E-35 
1.00 
1.00 
1.05 
1.16 
1.17 
1.21 
1.79 
1.72 
2.95 
2.86 
7.66 
5.35 
7348 AI737885 2L 0.02940 putative fatty acid elongase [Oryza sativa] 6E-59 1.00 1.07 1.28 1.69 1.60 2.13 
7796 AI621992 16H 0.00018 lipid transfer protein [Setaria italica] 1E-37 1.00 1.20 1.12 1.53 4.34 9.95 
7796 AI621992 16L 0.00014 lipid transfer protein [Setaria italica] 1E-37 1.00 1.10 0.96 1.38 5.50 17.47 
9341 AW257928 26H 0.00691 Acyl-[acyl-carrier protein] desaturase, chioroplast precursor [Oryza sativa] 1E-106 1.00 1.29 1.14 1.37 1.81 1.98 
Transporter 
1855 BM338678 36H 0.01746 gb|AAK26761.1| plasma membrane integral protein ZmPIP2-4 [Zea mays] 6E-35 1.00 1.04 1.00 1.10 1.55 1.53 
8338 BG873857 36H 0.01867 plasma membrane integral protein ZmPIPl-1 [Zea mays] 2E-73 1.00 0.95 1.23 1.58 1.75 1.60 
*The full data set is available in the on-line supplement. 
^Clusters are numbered from 0 to 39 followed by the scan intensity used for clustering, where L is Low and H is High. 
cp-stage is the p-value for the test whose null hypothesis is that expression is the same in all stages studied. 
"Stage 1 expression was set to 1.0, and the adjacent stage fold change (e.g., Stage 2) is shown in the Stage 2 to Stage 1 comparison. 
All fold changes across the six stages are relative to Stage 1, where fold changes greater and less than 1.0 are increases and decreases relative to stage 1, respectively. 
126 
FIGURE LEGENDS 
Figure 1. A maize spikelet. Maize spikelets contain upper (right) and lower (left) florets, 
each of which contains three anthers. The anthers in the upper and lower florets are at 
approximately the late and early pollen pollen stages, respectively. 
Figure 2. Outline of the anther development cDNA microarray comparisons. Six 
developmental stages were selected for each floret. Arrows between samples denote each 
cDNA microarray comparison performed, where the tail represents the sample labeled with 
the Cy3 dye and the arrowhead represents the sample labeled with Cy5. Stages: M, 
meiocyte; D/T, dyad/tetrad; T, tetrad; EM, early microspore; MM, mid microspore; M/LM, 
mid/late microspore. 
Figure 3. Semi-quantitative RT-PCR used to confirm statistically significant differences in 
gene expression. PCR was performed on 0.1, 1.0, and 10 ng of cDNA (wells 1, 2, and 3, 
respectively) from anthers from upper (left column) and lower (right column) florets using 
five pairs of gene-specific primers (as noted on the left), as well as the beta-tubulin loading 
control. The MAGI ID numbers (http://maize.ece.iastate.edu/blast/blast.html) and the 
GenBank Accession numbers for the cDNAs corresponding to the gene-specific primer pairs 
are: 6776, AI657219; 66746, AI855366; 7707, AI714736; 6101, AW065530; 78943, 
BG841356. Both biological replicates were tested and yielded similar results, so only one 
biological replicate is shown. 
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Figure 4. Examples of clusters of genes that are coordinately expressed during anther 
development. A, Genes up-regulated at the tetrad stage (Cluster 15L); B, Genes up-regulated 
at the early microspore stage (Cluster 5H); C, Genes up-regulated at the mid-microspore 
stage (Cluster 4H); D, Genes down-regulated at early microspore (Cluster 11H); E, Genes 
up-regulated in early microsporogenesis (Cluster OL); F, Genes up-regulated in late 
microsporogenesis (Cluster 24H). Stages: M, meiocyte; D/T, dyad/tetrad; T, tetrad; EM, 
early microspore; MM, mid microspore; M/LM, mid/late microspore. 
Skibbe et al., Figure 1. 
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ABSTRACT 
Cytoplasmic male sterility (cms) is a maternally inherited inability to transmit genetic 
information through the male reproductive structure. In Texas (T)-cytoplasm maize, two 
nuclear-encoded genes, rfl and rf2a, are necessary and sufficient to restore male fertility. 
Rf2a encodes an aldehyde dehydrogenase (ALDH) that accumulates in the mitochondrial 
matrix. Although RF2A's ALDH activity is required for fertility restoration, its 
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physiologically significant substrate is not known because RF2A can oxidize many 
aldehydes. To narrow the candidate pool for the physiologically significant substrate of 
RF2A, rf2a and three additional maize ALDH genes (rf2b, rf2c, and rf2d) were characterized 
via in vitro kinetic enzyme analyses and individually tested for their ability to complement T-
cytoplasm rf2a-mediated male sterility in planta. The heterologous complementation 
constructs containing the Rf2a and Rf2c coding regions successfully complemented the male 
sterile phenotype. Comparison of the kinetic enzyme analyses between RF2A and RF2C 
identified four aldehydes that are candidates for being RF2A's physiologically significant 
substrate, two of which are structurally similar to intermediates of the phenylpropanoid 
biosynthetic pathway (i.e., /rara-cinnamaldehyde and o-nitrocinnamaldehyde). The 
requirement of RF2C for male fertility in T- and normal cytoplasm was tested using two 
alleles with Mutator insertions in their coding regions. Since homozygous mutant 
individuals for both alleles were male fertile in the tested backgrounds, we conclude that 
Rf2c is not required for male fertility. 
INTRODUCTION 
Cytoplasmic male sterility (cms) is a maternally inherited inability to produce viable pollen 
and has been identified in over 140 plant species (Laser and Lersten, 1972; reviewed in 
Schnable and Wise, 1998). While both mitochondria and chloroplast are inherited through 
the maternal parent, the inability to produce viable pollen has been associated with chimeric 
mitochondrial open reading frames (mtORFs) in all cms systems characterized to date. The 
ability to overcome the deleterious effects of chimeric mtORFs (i.e., restore fertility) has 
been shown to occur through modification of cms-associated mitochondrial transcripts in 
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several species, including maize, oilseed rape, Petunia, rice, and sorghum (reviewed in 
Schnable and Wise, 1998). To better understand the molecular basis of fertility restoration, 
restorer genes have been cloned from several species, including petunia (R/-PPR592) 
(Bentolila et al., 2002), radish (orf687 and Rfo) (Brown et al., 2003; Desloire et al., 2003; 
Koizuka et al., 2003) and rice {Rf-1) (Kazama and Toriyama, 2003; Komori et al., 2004). 
Each of these nuclear restorer genes encodes a pentatricopeptide repeat (PPR) protein, which 
acts by altering the accumulation of the relevant chimeric mtORF. 
In T-cytoplasm maize, the chimeric mitochondrial gene, T-urfl3, is associated with 
male sterility (Wise et al., 1987). T-urfl3 encodes a 13 KDa protein that localizes to the 
mitochondrial inner membrane (Dewey et al., 1987) and permeabilizes the plasma membrane 
(Holden and Sze, 1987; Braun et al., 1989), resulting in cell death. The inability of T-
cytoplasm maize anthers to produce viable pollen stems from developmental abnormalities 
during microsporogenesis, where the tapetal cell layer prematurely degenerates (Warmke and 
Lee, 1977). T-cytoplasm maize anthers exhibit altered ultrastructure for mitochondria and 
endoplasmic reticula at the dyad stage of development (Yang, 1989) and altered tapetal cell 
morphology at the early microspore stage when visualized using light microscopy (Warmke 
and Lee, 1977). 
The deleterious effects of T-URF13 can be overcome by the combined action of two 
dominant, nuclear-encoded restorer genes, rfl and rf2a (reviewed by Schnable and Wise, 
1998; Wise et al., 1999). Although Rfl alters the accumulation of mitochondrial transcripts 
in a manner consistent with PPR-type restorers (Wise et al., 1996), Rf2a has no apparent 
effect on T-urfl3 transcripts or the accumulation of URF13 (Dewey et al., 1987). To better 
understand the role of rf2a in fertility restoration, it was transposon tagged (Schnable and 
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Wise, 1994), cloned (Schnable and Wise, 1994; Cui et al., 1996) and shown to encode an 
aldehyde dehydrogenase (ALDH) targeted to the mitochondrial matrix (Cui et al., 1996; Liu 
et al., 2001). 
ALDHs (EC 1.2.1.3 and EC 1.2.1.5) oxidize aldehydes to their corresponding 
carboxylic acids in the presence of NAD(P)+. The ALDH super gene family consists of more 
than 300 genes from many taxa (Vasiliou et al., 1999; Kirch et al., 2004). On the basis of 
kinetic characterizations and subcellular localizations, ALDHs were previously grouped into 
three classes (Perozich et al., 1999), where Class 1 and Class 2 ALDHs are cytosolic 
(cALDHs) and mitochondrial (mtALDHs) forms, respectively. 
Previously, two maize Family 1 cALDHs, rf2c and rf2d were identified and 
characterized (Skibbe et al., 2002). These cALDHs are more closely related to each other 
than to the mtALDHs from the same species, suggesting that they have conserved 
function(s), which may be distinct from those of the mtALDHs. However, since kinetic and 
detailed expression analyses have not been conducted for any plant Family 1 cALDH their 
precise functions in plant cells are not known. 
One of the challenges of the post-genomic era is how to determine the precise 
metabolic role of enzymes within an organism. This is because orthologous proteins can 
have different metabolic functions among organisms and the same protein can have different 
functions within an organism. For example, like other Class 2 ALDHs, RF2A can oxidize a 
wide variety of aldehydes. Hence, it is not clear which pathway(s) is involved in anther 
development. In addition, the role the RF2A protein plays during the restoration of male 
fertility may differ from that which it plays during normal anther development. 
Determination of a precise metabolic role is also complicated by closely related members of 
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a gene family, and maize contains a second mitochondrial ALDH isoform, rf2b (Liu and 
Schnable, 2002). We have approached the question of RF2A's metabolic role in fertility 
restoration using a novel in vivo transgenic complementation experiment designed to narrow 
the list of aldehydes that could be the physiologically significant substrate(s) involved in 
fertility restoration. 
All four maize ALDHs (rf2a, rf2b, rf2c, and rf2d) were tested in planta for their 
ability to complement T-cytoplasm r/2a-induced male sterility and biochemically 
characterized using a set of commercially available aldehydes. Two of the heterologous 
complementation constructs, rfl a and rf2c, successfully complemented the male sterile 
phenotype. By comparing the results of the kinetic analyses of RF2A and RF2C with the in 
planta complementation studies, four physiologically significant substrate candidates of 
RF2A were identified, two of which are structurally similar to intermediates of the 
phenylpropanoid biosynthetic pathway. 
RESULTS 
Subcellular Localization of RF2C and RF2D 
In addition to rf2a and rf2b, which encode mitochondrial isoforms of ALDH, two additional 
ALDHs (rf2c and rf2d) have been identified in maize (Skibbe et al., 2002). Several lines of 
evidence suggest that RF2C and RF2D are cytosolic proteins. First, both lack N- or ex­
terminai signals for chloroplast, mitochondrion, and microbody subcellular localization as 
determined by PSORT (http://psort.nibb.ac.jp, Nakai and Kanehisa, 1992), and TargetP 
(http://www.cbs.dtu.dk/services/TargetP, Emanuelsson et al., 2000). Second, the RF2C (503 
amino acids) and RF2D (512 amino acids) are considerably shorter than mitochondrial 
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ALDHs (e.g., RF2A and RF2B which are approximately 550 amino acids) (Liu and 
Schnable, 2002). Third, the additional amino acids are located at the N-terminus of RF2A 
and RF2B. Fourth, RF2C and RF2D lack the characteristic KDEL sequence of endoplasmic 
reticulum proteins. Fifth, when RF2C and RF2D were clustered with other plant and 
mammalian ALDHs, some of which have known subcellular localizations, both RF2C and 
RF2D cluster together with a known rice cytosolic ALDH (Li et al., 2000) and a putative 
Family 1 ALDH from Arabidopsis (Figure 1). 
Expression and Purification of Recombinant RF2C and RF2D Proteins 
The rf2c and rjld expression constructs, prf2c-expr#22 and prf2d-exprA7, have been 
described previously (Skibbe et al., 2002). The expression of each recombinant protein in E. 
coli was induced by IPTG. To purify these recombinant proteins, crude E. coli extracts were 
passed through cellulose DE52 columns, washed and then eluted with sodium chloride 
solutions. The ALDH-containing fractions were identified by enzyme activity assays and 
pooled fractions were loaded onto Sephadex G-50 columns for desalting. The ALDH-
containing fractions were again pooled and loaded onto hydroxyapatite columns and washed 
with a low concentration potassium phosphate solution and then eluted with a high-
concentration potassium phosphate solution. The RF2C and RF2D proteins were purified 
185- and 109-fold, respectively, as compared to the original crude E. coli extract (Table 1). 
The purified proteins are the only visible bands on Coomassie-stained SDS-polyacrylamide 
gels (Figure 2). 
136 
Biochemical Characterization of RF2C and RF2D 
To perform kinetic analyses, it is necessary to understand how pH affects enzyme activity. 
The ALDH activities of RF2C and RF2D were determined at a series of pHs, using 2 mM of 
acetaldehyde as substrate. Maximum activities were achieved at pH 9.5 (for RF2C) and pH 
10.0 (for RF2D) (Figure 3), whereas RF2C and RF2D exhibit only 24% and 33% of their 
maximum reaction rates at pH 7.0, respectively. At RF2C's pH optimum, (pH 9.5) RF2D 
exhibits approximately 91% of its maximum activity at pH 10.0. Since both enzymes prefer 
an alkaline environment, a pH 9.5 pyrophosphate buffer was used for the kinetic analyses of 
both RF2C and RF2D. 
Mammalian Family 1 cALDHs exist as homotetramers (Rodriguez-Zavala and 
Weiner, 2002). To determine whether this is true of RF2C and RF2D, partially purified 
native RF2C and RF2D proteins were passed through a Sephacryl S-300 column; to 
determine elution volumes the ALDH activity of each fraction was assayed using 2 mM of 
acetaldehyde as a substrate. The molecular weights for RF2C and RF2D were determined to 
be 196 ± 16 kD and 210 ± 23 kD, respectively (data not shown). The molecular weights for 
single subunits of RF2C and RF2D are 54.1 kD and 54.8 kD, respectively, as calculated 
using the pI/Mw program (http://ca.expasv.org/tools /pi tool.html). These results, therefore, 
demonstrate that like mammalian Family 1 cALDHs, both RF2C and RF2D exist as 
homotetramers. 
Kinetic Analyses of RF2C and RF2D 
Purified recombinant RF2C and RF2D were used for kinetic analyses towards various 
aldehydes (Table 2). Like mammalian Family 1 cALDHs, both RF2C and RF2D exhibit 
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high Kms for acetaldehyde (828 fiM for RF2C and 244 jxM for RF2D), which suggests that 
these enzymes do not efficiently oxidize acetaldehyde under physiological conditions 
(Klyosov et al., 1996). But unlike the mammalian Family 1 ALDHs, neither RF2C nor 
RF2D can oxidize 9-ds-retinal or all-/r<ms-retinal, two aldehydes that are considered to be 
physiological important substrates for mammalian Family 1 cytosolic ALDHs (Duester, 
2000; Godbout and Monckton, 2001). 
The Kms of RF2C and RF2D toward aliphatic aldehydes decrease rapidly with 
increasing carbon chain lengths. But when the chain length reaches five carbons, both 
enzymes exhibit apparent substrate inhibition at substrate concentrations near 10 jj,M. 
Although both enzymes oxidize these aldehydes, the Kms and Kcats for these substrates were 
therefore not determined. Both RF2C and RF2D can also oxidize benzaldehyde but apparent 
substrate inhibition occurs in the low micromolar range. Neither enzyme can oxidize 2-
naphthaldehyde or indole-3 -carboxyaldehyde. In contrast, both RF2C and RF2D have low 
Kms for o^-unsaturated aldehydes, including acrolein, trans-2-hexenal, /ram-2-nonenal and 
4-hydroxy-2-nonenal (4-HNE). The Km for 4-HNE, a major product of membrane lipid 
peroxidation, is only 2.3 [xM for RF2C and 4.9 |AM for RF2D. For RF2C, Km decreases as 
the carbon chain length of unsaturated aldehydes increase. For RF2D, the Kms of a, (3-
unsaturated aldehydes are not affected by carbon chain length for the tested aldehydes. Both 
enzymes can efficiently oxidize toms-cinnamaldehyde and its derivatives, with Kms in the 
low micromolar range. Like other a,(3-unsaturated aldehydes, /ram-cinnamaldehyde also 
has an a,|3-double bond. Among all the tested aldehydes, 4-HNE is the best substrate for 
RF2C, as indicated by the ratio of Kcat to Km (Table 2). The next best substrates are trans-
cinnamaldehyde, butyraldehyde and o-nitrocinnamaldehyde. 
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In planta heterologous complementation of r/2a-induced male sterility by Rf2c 
ALDH activity is required for fertility restoration in T-cytoplasm maize (Liu et al., 2001). 
Therefore, one (or more) of the substrates in the pool of aldehydes which RF2A can oxidize 
represents the physiologically significant substrate. To narrow the pool of candidate 
aldehydes, in planta complementation and biochemical characterization approaches were 
performed in parallel. First, transgenic lines expressing the Rf2a, Rf2b, Rf2c and Rf2d coding 
sequences fused to the Rf2a mitochondrial targeting sequence and under the control of the 2 
kb of the Rf2a promoter and 2 kb of the 3' region of Rf2a were generated (Figure 4) and 
introduced into a T-cytoplasm rf2a/rf2a background to determine if they can complement 
rf2a-mediated male sterility. 
The rationale for this experiment is provided below (Figure 5). RF2A, RF2B, RF2C, 
and RF2D can oxidize distinct pools of aldehydes. If the physiologically significant 
aldehydes of RF2A is also a substrate for one of the tested ALDHs (ALDH'), then ALDH' 
will complement T-cytoplasm r/2a-induced male sterility. Alternatively, if the 
physiologically significant aldehyde is not a substrate for ALDH', then ALDH' would not 
not complement T-cytoplasm r/2a-induced male sterility. 
To establish that the 5' and 3' non-coding regions of the rf2a gene that were included 
in the construct were sufficient to direct expression of the transgene to the appropriate cells 
(likely tapetal) and at the appropriate stages of development, the Rf2a coding region was 
fused to the regulatory sequences and tested for its ability to complement T-cytoplasm re­
mediated male sterility. Fifteen independent calli that carry apparently intact rf2a 
construct(s) (Methods) were regenerated, and the resulting plants were used to introduce 
ptrf2a::Rf2a into a T-cytoplasm rf2a/rf2a genetic background and assayed for their ability to 
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complement the male-sterile phenotype (Table 3). Two of the nine independent transgenic 
events were shown to complement the rf2a-R213 mutation (Figure 6A). Therefore, the 
regulatory sequences in the ALDH complementation construct are sufficient to regulate 
expression of a transgene in an appropriate spatial and temporal manner. 
The three remaining ALDH constructs (ptrf2a::Rf2b,ptrf2a::Rf2c, and ptrf2a::Rf2d ) 
were transformed into Type II callus regenerated from either (T) Rfl/rfl ; Rf2a/rf2a or (T) 
Rfl /rfl ; rf2a/rf2a embryos and assessed for their ability to complement the T-cytoplasm 
r/2ti-mediated male sterile phenotype. No complementation was observed for any of the 
ptrf2a::Rf2b or ptrf2a::Rf2d expressing events (Table 3). Two independent events from 
ptrf2a::Rf2c did, however, complement the male-sterile phenotype (Figures 6B, 6C). 
To interpret the data from the complementation experiments, it was necessary to 
compare the substrate specificities of RF2A and RF2C. By comparing the detailed kinetic 
analyses conducted on 25 commercially available aldehydes using purified recombinant 
RF2A (Liu and Schnable, 2002) and RF2C (this study), four aldehydes (butyraldehyde, 4-
hydroxy-2-nonenal, o-nitrocinnamaldehyde, and /ram-cinnamaldehyde) were identified with 
kinetic characteristics (i.e., values of Km<10 p,M and relatively favorable Kcat values) that 
could be the physiologically significant substrate for RF2A. Butyraldehyde does not have a 
known physiological function; 4-hydroxy-2-nonenal (4-HNE) is a product of lipid 
peroxidation; o-nitrocinnamaldehyde and frvmy-ciiinamaldehyde are structurally similar to 
intermediates of the phenylpropanoid biosynthetic pathway. 
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Rf2c is not required for male fertility in T- or N-cytoplasm 
In light of the in planta heterologous complementation analysis and given that most maize 
lines contain a functional copy of rf2c which is expressed in the tassel (Skibbe et al., 2002), 
we wondered why rf2a mutants are male sterile., To test whether Rf2c is necessary but not 
sufficient for male fertility in T-cytoplasm maize, two exonic Mw-insertion alleles (rf2c-
ml305 and rf2c-ml30T) were identified using the Trait Utility System for Corn (Bensen et 
al., 1995) (Figure 7). RT-PCR analyses on total RNA extracted from seedling leaves of 14 
day old greenhouse grown seedlings from homozygous mutant individuals and wild-type 
siblings demonstrated that seedlings homozygous for rf2c-ml305 do not accumulate 
detectable levels of transcript, while seedlings homozygous for rf2c-ml307 accumulate two 
transcripts (0.55 and 0.65 kb) that do not correspond to the processed transcript size (0.5 kb), 
possibly due to the presence of cryptic splice sites within the Mw-TIR (data not shown). If 
Rf2c is required for fertility in T-cytoplasm, then T-cytoplasm Rf2a/Rf2a rf2c/rf2c 
homozygous mutant individuals would be expected to be male sterile. However, these 
individuals were completely male fertile. Therefore, Rf2c is not necessary for fertility in T-
cytoplasm. 
Previously, Liu et al. (2001) demonstrated that, in addition to fertility restoration in T-
cytoplasm maize, N-cytoplasm rf2a/rf2a individuals exhibited an anther arrest phenotype in 
the lower floret. This partial fertility phenotype could be due to the action of a gene (e.g., 
rf2c) expressed in the upper floret. To test the possibility that rf2c could act as an enhancer 
of male sterility in an N-cytoplasm rfla mutant background, N-cytoplasm rf2a rf2c double 
mutant stocks were generated. The fertility of these plants did not differ from their wild-type 
siblings. Based on these findings, the disagreement between the transgenic complementation 
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and the rf2c mutant fertility results may be due differences in the amount, spatial and/or 
temporal expression differences between the endogenous rf2c gene and the Rf2c transgene, 
the necessity of mitochondrial localization of the Rf2c gene to ameliorate the male sterile 
phenotype, or redundant functions of the other cytosolic ALDH, Rf2d, in the N-cytoplasm 
rf2a rf2c double mutant. Thus far, a knock-out mutant has not been identified for Rf2d. 
DISCUSSION 
Functions of the Multiple Plant ALDHs 
Maize contains four ALDHs, two target to mitochondria and two targeted to the cytosol. 
Based on kinetic studies of the maize Family 2 mtALDHs (RF2A and RF2B) can efficiently 
oxidize acetaldehyde, and are therefore likely to be involved in the fermentation pathway 
(Liu and Schnable, 2002). In contrast, the two Family 1 cALDHs of maize, RF2C and 
RF2D, have high Kms for acetaldehyde, and therefore not likely to be directly involved in 
detoxifying acetaldehyde generated via fermentation. Although, RF2A and RF2B cannot 
efficiently oxidize «^-unsaturated aldehydes, such as trans-2-hexenal, /ram-2-nonenal and 
4-HNE, these aldehydes are readily oxidized by RF2C and RF2D. Although RF2C and 
RF2D have similar substrate spectra, their catalytic capacities are quite different. In general, 
RF2C is a more efficient enzyme than RF2D. Although the heterologous RF2C construct, 
which was targeted to mitochondria, was able to complement r/2a-mediated male sterility, its 
endogenous function likely differs from that of RF2A due to differing patterns of temporal or 
spatial expression or subcellular localization, expression pattern. This is consistent with the 
finding that the endogenous rf2c gene is not required for male fertility in N-cytoplasm and T-
cytoplasm backgrounds. 
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Restoration of fertility in T-cytoplasm maize is controlled by the action of two 
nuclear-encoded restorer genes, Rfl and Rf2a. The Rf2a gene encodes an ALDH that is 
targeted to the mitochondrial matrix. The broad substrate specificity associated of RF2A and 
the involvement of ALDHs in several biochemical pathways has complicated the task of 
defining RF2A's metabolic role. In this study, biochemical and in planta complementation 
approaches were used to narrow the pool of physiologically significant substrates. Two of 
the four tested ALDHs (Rf2a and Rf2c) complemented r/2a-mediated male sterility, and 
comparison of the kinetic analyses between these two genes identified four physiologically 
significant candidate aldehydes. Mutant analyses of rf2c in normal and T-cytoplasm 
backgrounds demonstrated that rf2c is not required for male fertility. 
Narrowing the pool of physiologically significant aldehyde candidates 
Four physiologically significant candidate aldehydes were identified in this study (viz., 
butyraldehyde, 4-HNE, fmm-cinnamaldehyde, and o-nitrocinnamaldehyde). One aldehyde 
(butyraldehyde) is an intermediate with unknown function in butane metabolism for butane-
grown Pseudomonas butanovora (Arp, 1999). Another aldehyde (4-HNE) is not believed to 
be the physiologically significant aldehyde because RF2A no difference in lipid peroxidation 
products was detected between anthers from T-cytoplasm Rf2a and T-cytoplasm rf2a 
individuals (Liu and Schnable, 2002). However, it is possible that the accumulation of 4-
HNE can differ in temporal and spatial patterns that were not tested in these experiments. 
The two remaining aldehydes, /rara-cinnamaldehyde and o-nitrocinnamaldehyde, are 
structurally similar to intermediates of the phenylpropanoid biosynthetic pathway. As such, 
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these findings suggest that there may be a relationship among phenylpropanoid biosynthesis, 
ALDHs, and male fertility. 
MATERIALS AND METHODS 
Primers 
All primers were synthesized at Integrated DNA Technologies (Coral ville, I A). 
ptrf2bu: 5' ATCACTGCAGCAGCATCCGCGGCC 3' 
ptrf2bL: 5' ATCGTCT AC A ACC AT GCGGGGTT CTT GAT G 3' 
ptrfZcu: 5' CGACTGCAGCAGCGACTGCGAACGGG 3' 
ptrfZcL: 5' ATC GTC T AC A AC CATGGAGTGTTGTACAG 3' 
ptrf2du: 5' AGC ACT GC AGC AGCG AGC A ACGGCT GC A AC 3' 
ptrf2dL: 5' C AGCGT CT AC A ACC AT GGCG AGTCCGGG AG 3' 
rbc6: 5' TGAAGGGGTCGCCGACGACGCGCTTCAGGG 3' 
rbc2: 5' CGTTCACGGGATCGACGGGCACGGGGCAGA 3' 
rf2a-2061L: 5' T AT AT AGGC ACC A ACC AT A A A A 3' 
RF2C2: 5' ATCCTCTTGTCCGCT AT CT G A A AC 3' 
rf2c-488L: 5' C A A AG ATTT CAT CCT GT G 3' 
rf2c-504u: 5' GCAGCGGATGCACGGGTACA 3' 
rf2d-44L: 5' TCCCGCCACGCAAACCTCTC 3' 
rf2d-5437u: 5' ACAAGATCCACGGCGACG 3' 
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Expression and Purification of RF2C and RF2D from E. coli 
Plasmids that express the rf2c (prf2c-expr#22) and rf2d (prf2d-exprA7) genes in E. coli have 
been described previously (Skibbe et al., 2002). These plasmids were transformed into 
BL21(DE3) cells, which is deficient in endogenous acetaldehyde dehydrogenase activity (Liu 
et al., 2001) and is therefore suitable for ALDH expression and purification. The E. coli cells 
were cultured in dyt media (1.6% tryptone, 1.0% yeast extract and 0.5% NaCl) overnight at 
37°C and 10 ml of culture was transferred into 800 ml of dyt media the next morning. Cells 
were incubated at 37°C for 3-4 hours until the ODéoo reached 0.6, at which point IPTG was 
added to a final concentration of 1 mM. After three additional hours of incubation at 37°C 
with vigorous shaking, cells were harvested and washed once in distilled water, and then re-
suspended in 40 ml of 50 mM HEPES buffer (pH 7.4) containing 15% glycerol, 0.5% Triton 
X-100, 1 mM EDTA and 1 mM DTT. Lysozyme was added to a final concentration of 0.1 
mg/ml and the mixture placed at room temperature for 30 minutes or until it became viscous. 
It was then subjected to sonication (Fisher Sonic Dismembrator Model 60) until the solution 
became considerably less viscous. This lysate was centrifuged at 32,000 x g for 30 minutes 
and the supernatant was loaded onto a cellulose DE52 (Whatman, Fairfield, NJ) column (2.5 
x 30 cm) equilibrated with Buffer A (25 mM HEPES, pH 7.4, 10% glycerol, 1 mM DTT). 
For RF2C protein, the ALDH activity was eluted with 50 mM NaCl in Buffer A after 
washing with 300 ml of buffer A. These fractions were pooled and desalted using a 
Sephadex G-50 column (1.5 x 90 cm) equilibrated with Buffer B (20 mM potassium 
phosphate buffer, pH 6.8, 10% glycerol, 1 mM DTT). The ALDH-containing fractions were 
pooled again and loaded onto a hydroxyapatite column (1.5 x 30 cm) equilibrated with 
Buffer B. The column was washed with 200 ml of Buffer C (80 mM potassium phosphate 
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buffer, pH 6.8, 10% glycerol, 1 mM DTT) and ALDH activity was eluted with Buffer D (160 
mM potassium phosphate buffer, pH 6.8,10% glycerol, 1 mM DTT). The purification of 
RF2D was very similar except that the RF2D protein was eluted from the DE52 column with 
100 mM NaCl in Buffer A, instead of the 50 mM NaCl used for RF2C. During the 
purification, 30 mL of samples from each fraction was used for ALDH activity assays to 
identify the ALDH-containing fractions. The assays were conducted in a 96-well microliter 
plate with 300 mL of reaction mixture containing 0.1 M sodium pyrophosphate buffer (pH 
8.5), 1.5 mM NAD+ and 2 mM acetaldehyde. 
Molecular Weight Determinations of RF2C and RF2D 
The molecular weights of RF2C and RF2D were determined via Sephacryl S-300 gel 
filtration chromatography, as described previously (Liu and Schnable, 2002). Carbonic 
anhydrase (29 kD), bovine albumin (66 kD), alcohol dehydrogenase (150 kD), (3-amylase 
(200 kD), apoferritin (443 kD) and thyroglobulin (669 kD) were used as molecular weight 
standards (Cat # MW-GF-1000, Sigma, St. Louis, MO). Each standard protein was passed 
through the column individually and the OD280 was monitored to determine the elution 
volume (Vg) for these proteins. Partially purified RF2C and RF2D protein were individually 
passed through the column. The presence of RF2C and RF2D in fractions was monitored via 
an ALDH assay using 2 mM acetaldehyde as substrate. The void volume (V0) was 
determined using blue dextran (Sigma, Cat#D4772). Molecular weights of RF2C and RF2D 
were estimated via the semilog plot (Log(Mw) vs. Ve/V0) method (Marshall, 1970). 
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Kinetic Analyses 
The RF2C and RF2D kinetic analyses were conducted at room temperature in 0.1 M sodium 
pyrophosphate buffer (pH 9.5), with a final NAD+ concentration of 1.5 mM. Reaction 
volumes were 300 ^iL and reactions were conducted in 96-well microplates. Fluorescence of 
NADH (excitation at 365 nm and emission at 460 nm) was monitored using a SpectraMax 
Gemini (Molecular Devices, Sunnyvale, CA). Kinetic parameters were calculated as 
described previously (Liu and Schnable, 2002) using the ENZFIT program (Elsvier-Biosoft, 
Cambridge, UK). 
Generation of the heterologous complementation constructs 
Complete details are provided in the on-line supplement. 
ptrf2a::Rf2a: A 2.4 kb Sacl-EcoRl restriction fragment from the Rf2a 5' non-coding region 
was ligated into the corresponding sites of pBSK+. Next, a 2.0 kb Scal-Kpnl restriction 
fragment containing the rf2a cDNA was ligated into the corresponding sites from the 5' non-
coding region vector. The vector was then restriction digested with Kpril, blunt-ended with 
T4 DNA polymerase, restriction digested with v4a/II and ligated to a 2.0 kb Aatll-Smal 
restriction fragment from the Rf2a 3' non-coding region to generate the Rf2a 
complementation construct, ptrf2a#l (ptrf2a::Rf2a). Sequences were confirmed across all 
restriction site junctions. 
ptrf2a::Rf2b, ptrf2a::Rf2c, andptrf2a::Rf2d\ The 5' and 3' portions of full-length cDNA 
clones of rf2b (pRB73; GenBank Accession Number AF348417), rf2c (pBSK+/3-l#3; 
GenBank Accession Number AF348413), and rf2d (prf2d-exprA10; GenBank Accession 
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Number AF348415) were PCR amplified to introduce restriction sites at the 5' end of the 
cDNA coding sequence either downstream of the predicted N-terminal cleavage site (rf2b) or 
downstream of the first methionine (rf2c and rf2d) and an 3' end of the coding sequence for 
each gene at the stop codon using Pfu Turbo (Stratagene, La Jolla, CA). These fragments 
were ligated into the 7.4 kb Pst\-Acc\ restriction digested ptrf2a#l vector . Each ligation 
mixture was transformed into electrocompetent DH5a cells, plated on dyt media with 
ampicillin, and ampicillin resistant colonies were selected and PCR screened to confirm 
presence of the respective coding region. Conservation of the restriction site junction was 
confirmed by sequencing and restriction digestion. The clones selected were ptrf2a::Rf2b C6 
(ptrf2a::Rf2b), ptrf2a::Rf2c D1 (ptrf2a::Rf2c), and ptrf2a::Rf2d#5 (ptrf2a::Rf2d). 
Biolistic transformation of the ALDH complementation constructs 
Each ALDH construct, along with the BAR reporter construct (Frame et al., 2000), was 
biolistically co-bombarded into either Hill F% immature zygotic embryos (ptrf2a::Rf2a) or 
Type II callus regenerated from either (T) Rfl/rfl ; Rf2a/rf2a or (T) Rfl/rfl\ rf2a/rf2a 
embryos, with 5/8 Hill and 3/8 R213 genetic contribution, (ptrf2a::Rf2b, ptrf2a::Rf2c, and 
ptrf2a::Rf2d) at the Iowa State Plant Transformation Facility (Ames, IA) as described at 
http://www.agron.iastate.edU/ptf/Web/mainframe.htm#. For each construct, DNA was 
extracted from portions of multiple herbicide resistant calli samples using a DNA mini-prep 
procedure (Dellaporta, 1994). DNA from each independent event was screened using PCR 
primers that spanned the entire transgene. Only transformation events from which a single 
band of the expected size for all spanning primer pairs could be amplified were selected for 
regeneration. 
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RT-PCR confirmation of trans gene expression 
Total RNA was isolated from the fourth seedling leaf for each ptrf2a::Rf2a,ptrf2a::Rf2b, 
ptrf2a::Rf2c, and ptrf2a::Rf2d event using Trizol reagent (Invitrogen, Carlsbad, CA) as 
recommended by the manufacturer. Approximately one microgram of total RNA from each 
event was incubated with DNasel, divided into two tubes, one with reverse transcriptase 
(SuperScriptll, Invitrogen, Carlsbad, CA) and one without reverse transcriptase, and reverse 
transcribed with the RF2C2 primer. Each event was PCR amplified with rf2a-2061L and a 
gene-specific primer (ptrf2a::Rf2a, RF2C1; ptrf2a::Rf2b, rbc2; ptrf2a::Rf2c, rf2c-504u; and 
ptrf2a::Rf2d, rf2d-5437u) with an PTC-200 (MJ Research, Waltham, MA) thermal cycler 
using the following conditions: Denature at 94°C for 2 minutes, followed by 36 cycles of 
94°C for 30 sec, 57°C for 40 sec, and 72°C for 2.5 minutes, with a final elongation at 72°C 
for 10 minutes. For each event, the absence genomic DNA was confirmed by the failure of 
the without reverse transcriptase sample to amplify. 
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Table 1. Purification of recombinant RF2C and RF2D 
Soluble 
extract 
DE52a G-50b HAPC 
RF2C Total protein (mg) 1090 79.6 72.6 0.21 
Total activity11 (U x 103) 146 133 121 5.23 
Specific Activity6 (U mg'1) 134 1,670 1,670 24,900 
Purification foldf 
-
12.5 12.5 185 
RF2D Total protein (mg) 878 44.5 36.7 0.18 
Total activity (U x 103) 64.6 29.3 24.7 1.45 
Specific Activity (U mg"1) 73.6 659 671 8,060 
Purification fold 8.95 9.12 109 
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"Pooled ALDH-containing fractions eluted from cellulose DE52 column. 
bPooled ALDH-containing fractions eluted from Sephadex G-50 column. 
'Pooled ALDH-containing fractions eluted from hydroxyapatite column. 
dOne unit of enzyme activity (U) is expressed as 1 |imol of NADH produced per minute. 
^Specific activity is expressed as unit activity per mg protein. 
^Purification fold is expressed as increased specific activity normalized by specific activity from 
the soluble extract. 
Table 2. Kinetic analyses of RF2C and RF2D. 
Km (^M) Kcata Kcat/Km 
Substrate Structure RF2C RF2D RF2C RF2D RF2C RF2D 
Saturated aliphatic aldehydes 
Acetaldehyde \^° 
Propionaldehyde — 
Butyraldehyde 
Veraldehyde 
Hexanal 
Heptaldehyde .0 
Octanal 
Nonanal 
Decyl aldehyde 
Unsaturated aliphatic 
830 ±150 240 ± 60 260 ± 26 36 ±7 0.31 0.15 
73 ±10 64 ±8 180 ±3 32 ±7 2.5 0.51 
7.7 ± 1 17 ± 3 260 ± 16 29 ± 1 34 1.7 
SIb SI SI SI 
- -
SI SI SI SI 
- -
SI SI SI SI 
- -
SI SI SI SI 
- -
SI SI SI SI 
- -
SI SI SI SI 
Acrolein (propenal) 9.6 ±2.1 48 ±2 170 ±3 28 ±1 18 0.58 
fra«5-2-hexenal 5.9 ±0.1 6.6 ±1.6 82 ± 10 20 ±4 14 3.0 
fra?M-2-nonenal 9.8 ± 1.1 2.3 ±0.1 95 ±20 12 ±0.3 9.7 5.2 
4-hydroxy-2-nonenal 0 2.3 ± 0.6 4.9 ±0.4 240 ±40 9.8 ± 1 100 2.0 
Table 2. (continued). 
Unsaturated aliphatic 
aldehydes 
Acrolein (propenal) 9.6 ±2.1 48 ±2 170 ±3 28 ± 1 18 0.58 
trans-2-hexenal 5.9 ±0.1 6.6 ±1.6 82 ± 10 20 ±4 14 3.0 
(nz/is-2-nonenal 
OH 
9.8 ± 1.1 2.3 ±0.1 95 ±20 12 ±0.3 9.7 5.2 
4-hydroxy-2-nonenal 2.3 ±0.6 4.9 ± 0.4 240 ± 40 9.8 ± 1 100 2.0 
Aromatic aldehydes 
<ra/is-cinnamaldehyde 
o-nitrocinnamaldehyde 
Benzaldehyde 
4-methoxybenzaldehyde 
2.4 ± 0.5 Tracec 210 ± 13 
9.7 ±2.4 3.9 ±0.9 262 ±20 
KV 
si 
si 
SI 
SI 
SI 
SI 
ND 
8.5 ± 0.9 
SI 
SI 
27 2.2 
Table 2. (continued). 
Retinal aldehydes 
9-m-retinal NASe NAS NAS NAS 
all-fnzres-retinal NAS NAS NAS NAS 
Other aldehydes 
0 
Pyruvic aldehyde Trace Trace NO ND 
Indole-3-carboxyaldehyde NAS NAS NAS NAS 
2-naphthaldehyde OOu NAS NAS NAS NAS 
aK,;a, unit is sec"1. 
bSI, substrate inhibition occurs when substrate concentration is in the low micromolar range, i.e., 5-10 mM. 
cTrace, only trace activity was detected with various substrate concentration and in the presence of at least 10 (xg of purified enzyme. 
dND, not determined. 
"NAS, no ALDH activity was detected with various substrate concentration and at least 10 |xg of purified enzyme. 
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Table 3. Summary of complementation results from the in vivo constructs. 
„ # events containing entire # events expressing „ . 
Transgenic construct transgene(PCR) transgene(RT-PCR) * complementing events 
ptrf2a::Rf2a 14 8 2 
ptrf2a::Rf2b 7 5 0 
ptrf2a::Rf2c 8 6 2 
ptrf2a::Rf2d 6 3 0 
FIGURE LEGENDS 
Figure 1. Phylogenetic tree of plant and mammalian Family 1, Family 2 and Family 3 
ALDHs. Sequences were downloaded from GenBank or the Protein Data Bank (PDB) and 
then aligned with ClustalX (Thompson et al., 1997) (BtALDH2 and HsALDH2, PDB 1AG8 
and 1AC3, respectively; all other ALDHs are from Genbank: RnALDH2, NM 032416; 
HsALDHIAl, NM_000689; RnALDHIAl, NM 022407; HsALDHlA2, NM 003888, 
NtALDH2, Y09876; AtALDH2B, AB030820; AtALDH2A, AF349447; ZmRF2A, U43082; 
SbALDH2b, AB084898; OsALDH2B, AB044537; ZmRF2B, AF348417; SbALDH2A, 
AB084897; OsALDH2a, AB030939; ZmRF2C, AF348412; OsALDHIA, AB037421; 
ZmRF2D, AF348414; AtALDHIA, AF349448; HsALDH3A2, NM 000382; 
RnALDH3A2, NM_031731 ; HsALDH3A1, NM 000691; RnALDH3Al, NM_031972; 
HsALDH3B2, U37519; HsALDH3Bl, U10868; AtALDH4 (Ath-ALDH4), AAG30995; 
CpALDH, AJ306960; AtALDH3 (Ath-ALDH3), AC074228; AtALDH3Fl, NP195348). The 
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tree was produced using the Genebee program 
(http://www.aencbec.nisu.su/scrviccs/phtrcc red need, htm 0. Numbers shown at each branch 
of the tree are the bootstrap values from 100 individual bootstrap experiments. The numbers 
shown below the frame indicate the percentage of amino acid changes per site. Bt, Bos 
taurus; Rn, Rattus norvegicus; Hs, Homo sapiens; Nt, Nicotiana tobacum; At, Arabidopsis 
thaliana; Zm, Zea mays', Sb, Sorghum bicolor, Os, Oryza sativa; Cp, Craterostigma 
plantagineum. 
Figure 2. Purification of recombinant RF2C and RF2D. A, SDS-PAGE analysis of RF2C-
containing fractions; B, SDS-PAGE analysis of RF2D-containing fractions. SDS-PAGE gels 
were stained with Coomassie Blue G 250. DE52, pooled ALDH-containing fractions after 
cellulose DE52 chromatography; G-5O, pooled ALDH-containing fractions after Sephadex 
G50 column; HAP, pooled ALDH-containing fractions after hydroxyapatite chromatography. 
Figure 3. Biochemical determination of the pH optima of RF2C and RF2D. ALDH activity 
units are expressed as (j,mol NADH produced per minute per p,g protein. Assays were 
conducted at room temperature. 
Figure 4. Structures of the ptrf2a::Rf2 maize complementation constructs. The 5' non-
coding region, mitochondrial targeting sequence (mts), and 3' non-coding sequence were 
fused to the ALDH coding region from rf2a, rf2b, rf2c, or rf2d cDNA sequences. 
Figure 5. Complementation of /^«-induced male-sterility. Circles represent the sets of 
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aldehydes upon which RF2A and a hypothetical ALDH (ALDH') are active. "X" indicates 
the physiologically significant substrate of RF2A. If, as in Panel A, ALDH' complements the 
rf2a mutation, then the non-shaded aldehydes can be excluded from further consideration. 
Alternatively, if the ALDH' protein cannot utilize the physiologically significant aldehyde as 
substrate (Panel B), the ALDH' gene will not complement rf2a. 
Figure 6. ptrf2a::Rf2a andptf2a::Rf2c complement r/2a-mediated male sterility. In a T-
cytoplasm rf2a/rf2a background, fertility is restored by maize complementation constructs 
(Fig. 5) containing the Rf2a (Panel A, right) and Rf2c (Panels B and C) cDNAs. 
Figure 7. Structure of the rf2c gene. Start and stop codons are denoted by the vertical bars 
in exons at the 5' and 3' ends of the gene, respectively. Mu transposon insertion sites are 
denoted by open triangles and the transposon class is noted within each triangle. Black boxes 
represent exons, and horizontal lines represent intronic or 5' non-coding sequence. GenBank 
Accession Number AF348412. 
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CHAPTER 6: GENERAL CONCLUSIONS 
Cytoplasmic male sterility (cms) is a maternally inherited inability to transmit genetic 
information through the male reproductive structure of a plant and has been reported in over 
140 plant species (Laser and Lersten, 1972). In all studied cases, the inability to produce 
viable pollen has been associated with a chimeric mitochondrial open reading frame 
(mtORF). However, the deleterious effects of the chimeric mtORF can sometimes be 
overcome by the action of one or more nuclear-encoded restorer genes. In Texas (T)-
cytoplasm maize, the combined action of two genes, rfl and rf2a, can overcome the of two 
nuclear restorer genes. The rf2a gene was cloned using a transposon tagging strategy 
(Schnable and Wise, 1994), and biochemical and subcellular localization analyses 
demonstrated that it encodes an mitochondrially targeted aldehyde dehydrogenase (ALDH) 
with broad substrate specificity (Schnable and Wise, 1994; Cui et al., 1996; Liu et al., 2001; 
Liu and Schnable, 2002). Therefore, the combination of the broad substrate specificity and 
diverse metabolic roles for RF2A has complicated the determination of its molecular 
mechanism of fertility restoration. In addition, maize contains one other mitochondrial 
ALDH isoform (rflb), as well as two putative cytosolic isoforms (rf2c and rf2d) (Skibbe et 
al., 2002). These ALDHs represent a valuable resource for dissecting the molecular 
mechanism of fertility restoration in T-cytoplasm maize and studying anther development in 
maize. 
The post-genomic era presents a unique opportunity to bridge several disciplines, 
increase the speed of scientific discovery, and test multiple hypotheses simultaneously. One 
technology enabling researchers to explore gene function is transformation of plant cells. 
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The biolistic transformation method is effective for recovering transformed plants in maize 
(Gordon-Kamm et al., 1990). Taking advantage of technical advances in biolistic 
transformation^rame et al., 2000), a complementation scheme was devised whereby each of 
the four maize ALDH genes was tested in planta for its ability to complement the male 
sterile phenotype (i.e., test for overlapping substrate specificities with RF2A). By combining 
the in planta complementation results with the kinetic analyses of each ALDH protein, four 
candidate physiologically significant aldehydes were identified. Although it is not yet clear 
which of these aldehydes is the physiologically significant substrate, a candidate pathway 
(phenylpropanoid biosynthesis) that may be involved in fertility restoration has been 
identified. Since many genes involved in phenylpropanoid biosynthesis in maize, it may be 
possible to further dissect the molecular mechanism of fertility restoration by identifying 
mutants through reverse genetics approaches and generating double mutant combinations 
with rf2a. 
Reverse genetics approaches often utilize the Mutator {Mu) transposon system. By 
screening large populations of Mu-containing individuals via PCR with a Mw-specific and 
gene-specific primer pair, it is possible to identify insertion alleles in a gene of interest 
(Bensen et al., 1995). This method was effectively used to identify two independent Mu 
insertions in rf2c from the Trait Utility System for Corn populations. To determine if rf2c is 
required for male fertility, T-cytoplasm Rf2a/Rf2a rf2c/rf2c and N-cytoplasm rf2a/rf2a 
rf2c/rf2c stocks were generated. Although phenotypic analyses of these genetic stocks 
revealed that rf2c is not required for male fertility in T- or N-cytoplasm, these stocks 
represent a valuable source resource for studying the role of ALDHs via microarray analyses 
and other approaches. 
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DNA microarrays are a powerful method for simultaneously examining the relative 
abundance of thousands of transcripts between two samples (Schena et al., 1995). Extensive 
research has been performed on several facets, including experimental design, array 
production, tissue collection, RNA isolation and amplification, labeling and 
hybridization, and data analysis. However, one often-overlooked aspect in microarray 
experiments is data acquisition, where the common approach is to scan a microarray one time 
at laser settings that minimize the number of saturated spots. Therefore, it is possible that the 
single scan approach fails to detect statistically significant differences due to the selected 
laser settings. To test the hypothesis the scan intensity required to achieve the resolution 
necessary for detecting differential expression is inversely related to a gene's signal intensity, 
microarrays comparing gene expression between florets and across six developmental stages 
were scanned multiple times. Comparisons among three quantitatively defined scan 
intensities revealed that the multiple scan approach identified an additional 30 to 40% of 
statistically significant differences versus a single scan approach. Consistent with the 
hypothesis, the low scan intensity tended to identify the high signal intensity genes, while the 
high scan intensity tended to identify the low signal intensity genes. These results 
demonstrate that the multiple scan strategy is an effective method for increasing the number 
of statistically significant differences detected at a minimal additional cost. 
As demonstrated by the 30 to 40% increase in the number of statistically significant 
differences detected versus a single scan approach, the multiple scan strategy has the 
potential to provide additional biological information from a given data set. To functionally 
analyze genes exhibiting differential expression, a functional class was assigned to each 
statistically significant difference. The unknown or unclassified functional class was the 
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predominant class, representing approximately 60% of the differences. Although the exact 
role of genes with unknown function in anther development remains unclear, these genes 
exhibited statistically significant differential expression between anthers in the upper and 
lower florets. In addition, cluster analyses were performed, and many unknown function 
genes clustered with genes of known function. Therefore, by processing microarray data 
with various bioinformatic tools (e.g., cluster analysis), it may be possible to predict the 
functions of genes based on their coordinated patterns of expression. Hence, genes 
exhibiting statistically significant differences in expression across developmental time 
represent a valuable tool that can be used to study gene function in plants. 
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